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ABSTRACT
A summary of the fundamental principles which form the basis of proton 
induced X-ray emission(PDŒ) analysis, proton induced gamma-ray emission(PIGE) 
analysis, Rutherford backscattering spectromeüy(RBS) and instrumental neutron 
activation analysis(INAA) has been given which is followed by a brief description of 
the experimental facilities used in this work and their characterization.
Knowledge of optimum experimental conditions is always helpful, therefore 
a programme has been developed to simulate the PIXE spectra and its uses have been 
described. Reference materials with certified elemental concentrations play an 
important role in ensuring the accuracy of the elemental analysis work. The PDŒ 
technique has been applied to the analysis of new biological reference materials which 
consist of IAEA human diet samples and NIST leaf samples, to be introduced in the 
future. Homogeneity of these and two existing reference materials that is, IAEA soil-7 
and Bowen’s kale has also been determined at the |ig scale. A subsample 
representative of a material is ascertained by determination of sampling factors for the 
elements detected in the material. Use of PDŒ has been established in experimentally 
obtaining sampling factors for the above mentioned materials.
PIGE analysis in conjunction with PIXE has been employed to investigate F 
and other elemental concentrations found in human teeth samples. The mean F 
concentration in enamel and dentine parts of teeth followed an age dependent model. 
The lowest F concentrations were observed in two out of three careous teeth. 
Concentrations of Ca and P were found to be higher in the enamel than in the dentine 
in all the teeth analyzed.
I
Analysis of blood and its components in the study of elemental models in 
sickle cell disease in Nigerians has been carried out. A total of eight elements were 
detected. Comparision was made between controls and diseased groups which revealed 
that Cl, Ca and Cu were at significantly higher levels whereas K, Fe, Zn and Rb were 
at significantly lower levels in the whole blood of the sicklers as compared to the 
controls. Similar results were obtained for the erythrocytes except that Br was also 
found at significantly higher concentration in erythrocytes of the sicklers. Significantly 
higher concentrations of Cl, K, Fe and Cu were also observed in plasma of the sicklers 
as compared to that of the controls. Elemental status of the normal controls was found 
to be comparable to that of the Uzbekistanians(USSR) and North Americans but was 
better than that of the Bangladeshi population.
PIXE and scanning electron microscopy(SEM) was used in the characterization 
of the Harmattan dust particulates collected at Kano and Ife, two cities of Nigeria. 
Most of the elements were found to be at higher concentrations as compared to those 
found in Recife(Brazil) and Toronto(Canada). The value of total suspended particulate 
matter(TSPM) at both collection sites was also above the relevant national(USA) air 
quality standards. PIXE in conjunction with RBS and INAA was employed in the 
analysis of soil samples taken at various depths from within and around two cement 
factories in Nigeria thereby detecting 31 elements. The results have been discussed 
with reference to elemental concentrations and Ca/Si ratio. The latter was found to 
offer a valid indicator of soil pollution by the cement dust.
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Chapter 1
INTRODUCTION
Like any other substance, the human body, no matter how complex and 
organized, is made of individual atoms of stable elements. About 99% of the body 
structure is composed of elements out of the first 20 in the periodic table [DA V72]. 
The major elements being H, G N, O, Na, Mg, P, S, Cl, K and Ca[BES59]. Die 
remaining 1% or so are found in trace or ultra trace amounts and are known as trace 
elements or inorganic micronutrients. To name a few among those are Cr, Mn, Fe, Cu, 
Zn, Br, Rb and I. Although found in very small amounts, they perform very complex 
and important biochemical functions to regulate the human body environment and 
keep it healthy. The body needs hormones, enzymes and vitamins for normal function 
and they in turn require trace elements for their synthesis. Green suggested that 
profound biological effects of certain substances could only be rationally explained 
through enzymic catalysis[GRE41]. For example, chromium has been suggested to be 
not only a constituent of but also essential for fiinction of proteolytic 
enzymes[BRE51]. Essentiality of a trace element to the human body is depicted by the 
effect its deficiency or toxicity (excess) produces, bearing in mind the synergistic 
effects that may operate between elements. It is understood that the human body gets 
its intake of trace elements through ingestion(diet), inhalation (air) and other 
environmental factors such as occupational or accidental exposure. So, the trace 
element balance of the body is prone to environmental changes.
There has been a growing concern, especially in the last two decades, about
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the environment and the related effects on public health and disease, leading to 
increased interest in trace element research in the related fields. It stressed the need 
for the development of appropriate analytical techniques. Knowledge of iron being 
essential to life dates back to the 17*^  century and of iodine back to 1850[HEY84], 
indicating the interest that man has shown for many centuries about the role of 
elements in human health as well as suggesting that some of the analysis techniques 
are quite old.
The discovery of the neutron by Chadwick in 1932[CHA32] and the 
subsequent first recorded account of the technique of neutron activation analysis by 
Hevesy and Levi in 1936[HEV36] opened new avenues to trace element research. 
Instrumental Neutron Activation Analysis(INAA) was developed with the advent of 
high resolution semiconductor gamma-ray detectors, as a multielemental as well as a 
non-destructive technique, for the first time in the late 1960s. Due to high nuclear 
reaction cross sections of certain elements for thermal neutrons and the availability of 
high thermal neutron flux reactors, use of INAA grew with time and still plays a 
major role in various fields. The escalated growth of industries added many 
anthropogenic sources of pollution world wide. Also more public awareness and 
concern about human health and the environment we live in, in the last twenty years, 
have triggered the introduction of sensitive new analytical techniques. Inductively 
coupled plasma mass spectrometry(ICPMS) and proton induced X-ray emission(PIXE) 
techniques were developed during that period.
Historically the very first particle induced X-ray emission was observed by 
Chadwick [CHA12]. But practically it was not until 1970 when PIXE analysis was
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carried out for the first time[JOH70]. Its subsequent and astonishingly rapid 
development led to a number of scientific conferences being partly or fully devoted 
to the subject [JOH77, JOH81, MAR84, RIN87, DUG89]. The simplicity involved in 
sample preparation, especially in thick target PIXE(TTPIXE), combined with high X- 
ray yield, small sample mass involved and its multielemental capability, renders it one 
of the most suitable techniques in trace element analysis work. The volume of research 
carried out in the field is considerable and is still growing with accelerated 
momentum. Detection limits(DL’s) of less than 1 ppm for ten elements out of sixteen 
which were detected in biological samples have been reported by Maenhaut et 
al[MAE84]. The accuracy and precision of the technique is comparable to that of 
INAA[MAE87]. An overall precision of less than 2% based on one standard deviation 
has also been reported by Carlsson in the case of analysis of geological 
standai'ds[CAR84]. PIXE analysis is essentially non-destructive in its nature and offers 
the possibility of using the samples for further investigations, after they have been 
subjected to PDŒ analysis.
Calculation of elemental concentration from the PDŒ data requires a priori 
knowledge of elemental composition of the sample bulk, usually termed as the sample 
matrix. Rutherford backscattering spectrometry (RBS) analysis, although most 
frequently used in the study of ion implantation and ion beam mixing of materials, can 
however, be employed in deducing the stoichiometry of the sample matrix[CHU78]. 
Sometimes light elements of interest are found at ppm levels in the sample under 
investigation. The determination of their concentrations by PIXE analysis is difficult 
due to X-ray absorption in the intermediate filters and the detector window. Also RBS
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is relatively insensitive in producing a measurable signal when the elements are 
distributed at very low concentrations. Nevertheless, light elements undergo resonance 
nuclear reactions with keV and MeV protons and emit y-rays[MAY77]. Measurement 
of these y-ray intensities provides a means of determining concentrations of the 
elements concemed[CLA75]. The relevant technique is called proton induced y-ray 
emission(PIGE) analysis and has been used, for example, in the determination of 
nitrogen in industrial as well as biological matrices[MAT88, ABD88].
It is always useful to have a priori knowledge of the effects of various 
variables corresponding to an analytical technique on its parameters like sensitivity 
and achievable detection limits. Trial experiments may be performed for this purpose, 
however, it may be a costly and time consuming exercise. Simulation is, therefore, 
often used in such situations. A programme "SOMPS" was, therefore, written to 
simulate the PDŒ spectra and its predictive capabilities were explored.
Reference materials are quite frequently used not only to check the accuracy 
of analytical techniques but also to determine elemental concentrations in unknown 
samples. A number of new biological reference materials, to be introduced in the 
future by NIST and IAEA, were analyzed for elemental concentrations and 
homogeneity of the concentrations in these materials was experimentally determined. 
Sometimes due to lack of a proper reference material or presence of certain elements 
below the detection limits in the available reference materials, methods of analysis 
other than the comparative method are employed. Absolute analysis is one of the 
alternatives. Possibility of absolute analysis by the PIXE technique was therefore, also 
explored.
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The determination of trace element concentrations in biological materials is one 
of the areas of considerable importance because of the role of the trace elements in 
diagnosis and treatment of certain diseases. There has been a growing interest over a 
long period of time in the role of fluorine on teeth. It is thought to have a potential 
for protecting teeth from decay once it is incorporated in the teeth at optimum levels. 
Although analyses of teeth samples for F content have been carried out by various 
techniques, positional information of F distribution in teeth is only offered by PIGE 
with inherent sensitivity. Combined use of PIGE and PDŒ was sought for the 
determination of F and other elements in human teeth samples. The concentration of 
P, S, Cl, Ca, V, Cr, Mn, Fe, Co and Zn in addition to F were determined.
Sickle cell disease, which is a blood related disorder, affects thousands of 
people throughout the world. However, the highest incidence of the disease occurs in 
the regions of tropical Africa. As part of the ‘Environmental monitoring and health 
impact assessment programme’ set-up between the European Economic 
Community(EEC) and Nigeria, work was carried out in establishing trace element 
imbalances between sickle cell disease subjects, sickle cell trait subjects and controls. 
Earlier efforts in this area were devoted to a few elements like Ca, Fe and Zn whereas 
in the present work we detected up to eight elements using PIXE.
The main supply of trace elements to human beings comes from the 
surrounding environment. This has attracted considerable interest of the scientific 
community towards environmental analysis and in the ‘EEC-Nigeria’ project one of 
the objectives was to establish elemental concentrations in air, water and soils. This 
entailed collection of airparticulate samples during the Harmattan, a North-Eastern
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wind, which blows between November and March each year and carries along dust 
which is thought to originate from the Sahara desert. The samples were collected at 
two different sites, 1000km apart, in Nigeria. Elemental analysis of these samples was 
performed to look at these ‘natural’ levels of trace elements in the Nigerian 
environment during the Harmattan season. Soil is a major source of elements for 
plants and vegetation. Contamination of soil by industrial effluent is bound to affect 
the plant life and vegetation growing on it  To study the nature and extent of 
contamination of soil by two cement factories in South West of Nigeria, samples of 
soil around these factories were also analyzed using PDŒ and INAA.
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ANALYTICAL BASIS
2.1. Introduction
Trace element analysis has been and is still being carried out by various 
methods. The increasing volume of routine analysis and research with reliable 
determination of elemental concentrations at trace and ultra trace levels and multi 
elemental capability advocate choice of the PIXE and INAA techniques. In these 
techniques the principle involved is to shake the atomic and nuclear energy levels 
using an appropriate nuclear probe, i.e, charge particles(usually protons) in the case 
of PIXE and neutrons in the case of INAA. Proton excitation followed by de­
excitation of the atomic energy levels leads to emission of the characteristic X-rays. 
Neutrons, on the other hand, cause production of radionuclides which may emit 
energetic y-rays. These photonic signatures of trace elements in the sample can be 
picked up. Measurement of their intensities leads to transfer of the qualitative 
information into quantitative terms i.e, elemental concentrations in the sample matrix. 
In the following sections, the theoretical background which provides a basis for the 
techniques is being presented.
2.2 Charge Particle Induced Reactions Analysis
There are numerous reactions which can be classified under the heading but 
those of interest to us are one which come under the domain of elemental analysis 
work. From the analytical point of view, they can be categorized as PIXE, PIGE, RBS
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and elastic scattering.
2.2.1 Proton Induced X-ray Emission(PIXE)
Historically the discovery of X-rays can be attributed to ROentgen[R0E98], 
One of the earliest review articles about production of X-rays is also by Roentgen, 
published in 1898[ROE98]. Up to the late sixties the main use of ion induced X-ray 
emission was in fundamental atomic physics research[BIR64]. The idea of analytical 
use of PIXE was pioneered in 1970 by Johansson et al.[JOH70].
The Bohr theory of the atom, according to which the atomic electrons revolve 
around the nucleus in specified energy states, provides an understanding of production 
mechanism of the characteristic X-rays[BOH23]. Figure 2.1 shows the energy level 
diagram of the orbital electrons indicating K, L, M, N, ... as main electronic shells. 
Each of them, except the K-shell, consists of sub-shells of slightly different energies. 
An incoming proton will interact with orbital electrons producing ionization or 
excitation by ejecting the most tightly bound electrons leading to creation of vacancies 
in the K-or L-sheU. De-excitation of the atom will follow within 10 *® seconds resulting 
in the emission of either characteristic X-rays or Auger electrons or both. Ionization 
cross section depends upon the energy of the incoming projectile and has got 
relatively higher value for low Z elements as shown in figure 2.2. Figure 2.3 shows 
the schematics of K, L, M, ... transitions. The most commonly met X-ray lines are 
indicated below with the electronic transition involved.
X-ray line Electronic tiunsition
K.1 K - L 3
K 2 K - L 2
8
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Figure 2.1: Atomic energy level diagram.
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Figure 2.2: Dependence of ionization cross section on Z-number 
and proton energy[COH85].
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Figure 2.3: Schematics of atomic transitions leading to X-ray emission[VAL87].
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Figure 2.4: Variation of K/L fluorescence yields with atomic number.
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^ 1 K - M 3
K p 2 ( K  -  N g ) + ( K  -  N z )
^ 3 K - M 2
L a i L 3 -  M 5
L « 2 L 3 -  M 4
L p i L 2  -  M 4
L p 2 L 3 - N 5
L p 3 L i  -  M 3
L y i L 2 - N 4
L 1 - N 2
L y s L i  -  N 3
The probability that de-excitation will result in emission of X-rays is called 
fluorescence yield and is denoted by (%. A graphicfrepresentation of the K- and L- 
shell fluorescence yields as a function of atomic number of the elements is given in 
figure 2.4 which clearly signals an increase in X-ray emission for high Z elements.
2.2.2 PIXE Formalism
In any PIXE experiment, the immediate information received is the number of 
X-ray counts as recorded by the detection system. So, the mathematical model of the 
experiment should be able to calculate the X-ray yield(counts/ppm/charge). To 
determine the yield of the characteristic X-rays we make two assumptions. The first 
assumption is that all the incident protons are stopped inside the target matrix(thick
11
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target matrix approximation). It will be worth mentioning that most of the present 
experimental work was actually carried out with thick target matrices. The second 
assumption made is that secondary ionization produced in the target is negligible. 
Then number of X-ray counts from a homogeneously distributed element of 
concentration C(|ig/g) can be calculated by the following equation.
Y = Ciyj2QeAe4n
dE (Eq. 2.1)
where
F{E) = Exp -1^ COS0.COS0„^  S(É)
(Eq. 2.2)
Terms in the above equations are explained below;
Y^ : Number of X-rays of element Z detected by the detector,
N^: Avogadro’s number,
A : Mass number of the element concerned,
Q : Total incident proton charge(Coulomb), 
e : Charge on a single proton,
Q : Solid angle subtended by the X-ray detector at the beam spot on the target, 
8 : Intrinsic efficiency of the detector at the concerned X-ray energy, 
a ,  : X-ray production cross section of the element Z by protons, defined by; 
a , =
12
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Oi : X-ray ionization cross section by protons, 
œ : Fluorescence yield,
K : X-ray intensity of the concerned line,
S(E) : Mass stopping power of the target matrix at proton energy E,
|i : X-ray mass attenuation coefficient of the target matrix,
Ep : Incident proton energy,
8„ : Angle of incident of proton beam and take off angle of X-rays respectively,
as measured from the normal to the target.
The above equation shows the inherent complexity, an indication that charge 
particle reaction analysis requires naturally involved calculations. Unlike neutrons, 
charge particles lose their energy as theypenetrate into the target matrix and, therefore, 
the reaction cross section keeps on changing with penetration depth. The X-rays 
produced enroute undergo self attenuation and the stopping power of the matrix varies 
with proton energy. Hence, integration of these parameters over the proton energy 
range of interest makes the problem numerically complex. Absolute PDŒ analysis 
requires these calculations to be carried out The topic of absolute analysis will not 
be discussed here as it has been dealt with in a later chapter in more detail.
2.2.3 Calculation of Elemental Concentrations 
2.2.3a Internal Standards
Putting aside the case of absolute analysis, the elemental concentrations in an 
unknown sample are determined by employing internal or external standards. In the 
case of internal standards, the sample is spiked with some non-interfering element,
13
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usually yttrium or ruthenium in biological specimen, at a known concentration. 
Clayton and Wooller used such a method in analysis of reference materials[CLA85]. 
Demortier also used internal standard technique in the analysis of biological 
materials[DEM74]. The concentration of an element in the sample is calculated by the 
following relation.
C Y WC = ' " " (Eq.2.3)
Where C^ p and are concentration of the unknown element in the specimen and that 
of the element being used as the internal standard respectively. Similarly 7^ and 7,^  
are the measured X-ray yields of the elements concerned and W^ p and are the 
calculated yields from Eq.2.1 with unit concentration and equal charge.
2.2.3b External Standards
In the case of external standards, concentrations of the trace elements are 
usually determined by comparing X-ray yields of the elements of interest in the 
sample and in a multi-elemental standard reference material. Khaliquzzaman and co­
workers provide a detailed account of the method[KHA81, KHA83, BIS83]. Albury 
and Spyrou used Bowen’s Kale as the external standard when studying trace element 
content of human breast cyst fluid[ALB86]. In most of the present work multi 
elemental standards were employed. Cancellation of uncertainties due to data base and 
detector efficiency makes it always a favourable choice. In mathematical form, the 
concentration of an element in the sample will be given by:
14
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c  = (Eq.2.4)
where Y and C are defined in the previous section. I^ piEp) and IJEp) denote the 
following integral:
0
J  (E)F(E\ S(E)
for the specimen and standard respectively.
/(£,) = J o ,(B )F (£ )-^  (Eq.2.5)
2.2.4 Proton Induced Gamma-ray Emission(PIGE)
This technique is based upon detection and measurement of the prompt y-rays 
that are emitted following a charge particle(proton) induced nuclear reaction. Its most 
frequent use is in the analysis of light elements, which exhibit strong resonances for 
proton induced reaction cross section. Examples of such reactions are “B(p,a)*Be, 
^^N(p,ay)*^C and “ Na(p,y)^Mg with the graphical representation, in figure 2.5, of a 
few resonances in the reaction ^^N(p,ay)^^C. An excellent introduction to this 
technique can be found in a volume edited by Bird and Williams[BIR89] and detailed 
y-ray yield calculations seen elsewhere[FOW48]. In a simple way, the y-ray yield can 
be calculated from the equation:
^ NJ2Ce£ir (Eq.2.6)
Ae4n JS(E)
which is a modified form of an equation developed by Patrick et al[PAT75]. As most 
of the emitted y-rays are very energetic(many Me Vs), the self attenuation by the 
sample matrix has been ignored in equation (Eq.2.6). All tlie other terms have the 
same meaning as in the equation for X-ray yield(Eq.2.1) except I and a(E). I
15
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Figure 2.5: Resonance in *^N(p,ay)^^C reaction showing relative yield 
of 4.43 MeV y-rays [HAG57].
represents the fraction of the excited nuclear states which result in emission of the 
y-rays being observed, i.e, the y-ray intensity, and a(E) is the nuclear resonance cross 
section. This cross section is mathematically given by the Breit-Wigner equation 
describing variation of the cross section over the isolated resonance[BEW69] :
o(£) = 4
(E-E^ f  +
(Eq.2.7)
where is the cross section at the resonance energy E^ and F the FWHM of the 
resonance peak as shown in figure 2.6.
16
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2.2.5 Elemental Concentrations using PIGS
Absolute analysis for elemental concentrations involves experimental evaluation 
of the concerned nuclear resonance and an integration over the Breit-Wigner formula, 
which may be of more academic importance than a preferred way of quick analysis. 
The most widely used method is the comparison of specimen with a known elemental
Breit-Wigner curve
O'
O'-
"2
E, E
Figure 2.6: Breit-Wigner curve for an isolated resonance 
standard. In a comparator method, the ratio of y-ray counts of the same energy in the 
sample and standard are given by[LIA87]:
(Eq.2.8).
The above equation can be re-arranged to give the concentration of an element in the
specimen, that is to say:
(Eq.2.9)
where "st" and "sp" stand for standard and sample and C, N, Q and R represent the 
concentration, number of y-ray counts, incident charge of protons and range of the
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protons in the sample, respectively.
2.2.6 Rutherford Backscattering Spectrometry RBS
History of Rutherford backscattering goes back to early this century when the 
model of an atom was being investigated[GEI13]. The basic principle involved is to 
detect the ions which are scattered at backward angles from the surface and from deep 
in the surface, as shown in figure 2.7. Energy of the backscattered ions carries the 
information about the constituents of the volume of interaction in the sample. Energy 
of the scattered ion from an atom of element having mass Mg on the surface is given 
by the product of the incident energy Eq and the kinematic factor i.e,
E = Kf^E^ (Eq.2.10).
The kinematic factor is given by:
M. . a l-(_ i)^ sin 0m /
M.+ ( )cos0
‘ • ' ï >
(Eq.2.11)
where Mg is the target atom mass. My the mass of the incident ion and 0 is the 
scattering angle as measured from the direction of incidence. The scattering cross 
section governs the intensity of the backscattered ions and in its original form was 
derived by Rutherford[RUTll]. In a more general form, the differential scattering 
cross section is given by the following equation[MAR68]:
(Eq.2.12)( \
2 r Vdo sin^.2 -  2 2
M,
dQ AE M,\  j I V -
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The recorded backscattering spectrum looks like a step configuration for a mixture of 
elements with each element being represented by a single step. Such a spectmm for 
a mixture of two hypothetical elements A and B is shown in figure 2.8. The ratio of 
the spectrum heights is given by:
^  (Eq.2.13)
which can be rearranged to get the atomic ratio;
(Eq.2.14)
n / / ,a /£ p ) [ e jr
where mln is the ratio of atoms of element A to that of element B and and Hg are 
signal heights for the corresponding elements. The ratio of the stopping cross section 
factors is taken unity as a very good approximation[CHU78] i.e.
[ e j "
= 1 (Eq.2.15)
so that we are left with the final equation:
m ^ (Eq.2.16).
It can not only be used to study the stoichiometry of the semiconductor surface 
layers[JAF90] but also for compositional analysis, as was done in a study of lunar soil 
composition[TUR68].
2.2.7 Elastic Scattering
As has been shown in the previous section, the RBS (quantitative)analysis 
requires Rutherford scattering cross section(RSC) to be used in calculations. However,
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Figure 2.7: Geometry of Rutherford backscattering[MAY77],
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Figure 2.8: Backscattering spectrum of a mixture of elements A and B[CHU78].
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when protons are used, the cross section of light elements deviates from pure RSC 
above a few hundred keV proton energy. Strong resonances are observed at certain 
energies which correspond to the energy level of the compound nucleus[LAU51] e.g. 
in the following reaction, resonances in the scattering cross section of are due to 
energy levels of compound nucleus.
p + 17p* 16q  + p
Figure 2.9 shows such a deviation from RSC in the case of '^^ N(p,p)^ '^N, So, for 
accurate analysis of the gross elemental composition of matrix, the elastic cross 
section needs to be employed in the calculations. As the Z-number of the elements 
increases, the deviation from RSC becomes smaller, as has been shown in table2.1, 
and is insignificant for higher elements. In the rest of this thesis, whenever RBS 
calculations for matrix composition are mentioned, it will imply the elastic scattering 
cross section for elements Si and below. For higher elements RSC will be used.
I
s
5
Figure 2.9: Differential cross section for elastic scattering 
of protons from The dashed curve is the RSC[TAU56].
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Table2,l: Rutherford & elastic scattering cross section(mb/sr) 
of C, N, F,Na and Si.
Proton
energy
(MeV)
Element RSC
(mb/sr)
ESC
(mb/sr)
ESC/RSC ©o
2.0 ^^ C 11.68 60** 5.14 170
2.0 14n 15.96 80** 5.13 170
1,875 30.74 40.88* 1.33 165
1.484 ^Na 76.68 87.5® 1.14 157.5
1.98 "“Si 65.62 83** 1.26 170
[RAU85]; * [KN089]; @ [BAU56]. 
ESC Elastic scattering cross section.
0° Laboratory scattering angle in degrees.
2.3 Neutron Induced Reactions
Neutrons being neutral particles, easily penetrate the nucleus without being 
affected by the Coulomb barrier of the target nucleus. Once absorbed by the stable 
nucleus, they may lead to formation of an excited and unstable nucleus resulting in 
emission of radiation which generally includes prompt and delayed y-rays. 
Measurement of the delayed y-rays provides a basis for instrumental neutron activation 
analysis(INAA). Out of many reactions, of importance to the analyst are: radiative 
capture, transmutation and to some extent inelastic scattering. These reactions will be 
discussed briefly.
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2.3.1 Radiative Capture
In this kind of reaction a thermal neutron(0.0253 eV or 2200 m/s velocity at 
room temperature[SHE74]) is captured by the target nucleus leading to production of 
a compound nucleus left in its excited state. The compound nucleus de-excites by the 
emission of prompt y-rays. The residual nucleus may still be unstable and generally 
emits beta particles as dictated by the imbalance of neutron to proton ratio. Beta 
particle emission may result in a product nucleus directly to its ground state or 
otherwise to an intermediate state which will de-excite to the ground state through 
emission of y-rays(delayed). Such reactions are denoted by (n, y) and are represented 
by the following notation.
and
and
\^zii] Xzii +  yidelayed)
where X /  is the target nucleus, 1x / ‘^ }^‘cn is the compound nucleus in the excited 
state, X/^^ is the unstable nucleus, is the product nucleus left after beta
particle emission in an excited state and is the nucleus at its ground state. An
example of a radiative capture reaction often found in the activation of biological 
materials is, ^Na(n,'Yf'^Na, which emits delayed gamma-rays of energy 1.36 and 2.75 
MeV with a half life of 15 hours.
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2.3.2 Transmutation
It is a threshold reaction which generally takes place below a certain neutron 
energy, specific to the target nucleus. The compound nucleus, once formed, de-excites 
via emission of a nucleon or a group of nucleons e.g (n,p), (n,d), (n,a) etc. The 
nucleus as a result is usually left in an excited state which comes to the ground state 
by emitting a single or a cascade of gamma rays. The nucleus however, may be 
unstable and decay by emission of delayed radiation as before. An example of this 
reaction is ^^V(n,pf^TifV/hich has a half life of 5.8 minutes and emits y-rays of 320 
keV.
2.3.3 Inelastic Scattering
As the name indicates, the emitted particle is always a neutron with energy 
different from the incident energy. When after scattering the nucleus is left in a 
metastable state then, during its transition to the ground state it emits gamma rays 
with a certain life time. The reaction is represented by (n,n'y). A good example of 
this reaction is that of gold i.e, ^^^Au(n,n which has a half life of 7.5 seconds
and cross section of 379.8+ 25% mb, as averaged over thermal fission neutron 
spectrum[DUR68] and emits gamma rays of 130 and 279 ^eV.
2.3.4 Neutron Activation Analysis
Detector response in INAA is Ae y-ray counts, determined by the area under 
the gamma ray peak of interest. Detailed description for the detector response can be 
found in the literature e.g in the book by Kaplan[KAP77]. Without going into its
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derivation, the activation equation is given below as:
A4n X
(Eq.2.17)
Where R is the reaction rate per target nucleus which is given by:
= <l> A  + 4>/o (Eq.2.18).
The terms in the above equations are explained below:
:Avogadro's number,
:Natural isotopic abundance of the target nuclei,
:Mass of the target element in the sample,
:Relative intensity of the gamma rays of interest,
:Absolute efficiency of the detector at the y-ray energy of interest,
:Atomic weight of the element,
:Thermal neutron flux,
:Thermal neutron reaction cross section,
:Epithemial neutron flux,
:Resonance integral,
:Decay constant of tlie product nucleus,
: Irradiation time,
:Waiting time between end of irradiation and start of counting,
:Counting time.
As already mentioned the comparator method is usually employed for
/
m
4
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determination of the elemental concentrations. The mass of the element of interest in 
the sample is calculated from the following equation.
(Eq.2.19)
"[«■ ''•(1 -« ■ ‘' • I
I
For simultaneous irradiation and identical counting time of the sample and the
standard this equation reduces to:
D  lem (Eq.2.20)D ( « %
Once the mass of the element is determined, its concentration is calculated by 
the ratio of the element’s mass to that of the sample’s mass. This approach was 
adopted in a small part of the work being presented in this thesis.
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INSTRUMENTATION AND 
PRACTICAL CONSIDERATIONS
3.1 Introduction
The main facility used in the trace element analysis work was the 2MeV Van 
de Graaff accelerator of the University of Surrey Guildford. Part of the work was also 
carried out at the Imperial College Reactor Centre, Silwood Park, using core tube 
facilities for long neutron irradiation. The present chapter describes these facilities, the 
associated equipment, the detection and data collection systems and the spectrum 
analysis routines used. The stages involved in sample preparation make an important 
contribution to the final results. So the sample prepaiation involved has also been 
described.
3.2 The Van de Graaff Accelerator
Development of the van de Graaff accelerator started sometime during the 
second quarter of this century[VAN31]. The original aim of constructing the machine 
was to study the nuclei of the elements throughout the periodic table. However, the 
potential for biological and photochemical applications was also realized as early as 
the mid forties. The van de Graaff accelerator of the present day is a developed form 
of the early machines. These machines were made by the combination of an 
electrostatic generator, to generate and withhold millions of electron volts of potential 
difference, and an accelerating tube, to direct the accelerated ions down to the required 
target[VAN31, VAN33, TUV35, HER37, VAN47]. The terminal voltage, used to
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accelerate the charged particles, is achieved by a charge conveying system as shown 
in figure 3.1. The positive charge is sprayed by the corona points to the motor driven 
insulating belt. This charge is picked up by a collector at the other end of the belt 
whereby it is transferred to the hollow metallic terminal. The limiting terminal 
potential is dictated by its own capacitance. This electrostatic potential provides the 
driving force necessaiy to accelerator the charge particles along the tube.
The Suirey University accelerator assembly is mounted horizontally, elevated 
from the ground. The beam of 2MeV ions is accelerated down to the analyzing or 
switching magnet where it can be directed into any vacuum line. Figure 3.2 shows the 
schematic diagiam of beam line 5 which is used for PIXE/micro-PIXE and RBS 
analysis. All the PIXE analysis work was carried out using this beam line. A 
photographic view of the beam line is shown in figure 3.3.
3.2.1 The Beam Line Assembly
The ion beam travels along the accelerator axis to the analyzing magnet, see 
figure 3.2. All the application lines branch off the analyzing magnet, at certain angles 
to the accelerator axis. This magnet, while directing the beam to the beam 
line(hereafter it will mean beam line 5), also purifies it by throwing the ions, which 
are not required, off the beam axis using the difference of e/m(charge-to-mass) ratio. 
The vacuum line is separated from the analyzing magnet by an automatic gate valve. 
Control slits, situated after the gate valve, provide a feedback signal used to adjust the 
ion beam energy. A pair of beam steering plates followr the control slits. The steering 
plates get their electric voltage from two adjustable D.C. power supplies of 2kV
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High-voltage
terminal
Upper pulley 
(insulated from  
terminal)
Collector
Controllable spray 
voltage
Upper spray points
Insulating belt
Motor-driven pulley
Lower spray points
Figure 3.1: Schematic diagram of electrostatic generator[VAN47].
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Figure 3.2: Schematic diagram of the beam line 5.
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Figure 3.3: Photographic view of the beam line assembly.
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maximum with a provision of either polarity. The voltage on the plates can be 
adjusted for coarse alignment of the beam. Before the first slip in beam view lies the 
object aperture. Apertures of 25pm, 50pm, 250pm and 10mm are available. The 
required aperture can be selected by screwing it into the beam path with the help of 
micrometers which provide the vertical and swing movements. Two sets of scanning 
deflection plates follow the second beam view port. These plates are used to achieve 
the. X-Y movement of the beam spot on the target. The final part before the 
mechanical gate valve and target chamber is the quadrupole magnetic lens assembly 
consisting of four quadrupoles. The mechanical gate valve is used to isolate the target 
chamber from the beam line when loading and unloading the target plates.
3.3 The Target Chamber Design
It is a rectangular shaped chamber with a removable back plate and a conical 
projection at the front end where it is connected to the beam line via a mechanical 
gate valve. The conical projection provides several insertion ports located 
symmetrically around the cone. These ports are used for placing detectors and the 
optical microscope’s object lens inside the chamber. The design allows PIXE, RBS 
and nuclear reaction analysis (NR A) to be carried out, simultaneously in principle. 
Simultaneous PIXE and RBS or PIGE and RBS analysis was carried out during this 
work.
3.3.1 Features of the Chamber
A photographic view is given in figure 3.4. The beam enters the chamber at
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the top of the extended cone. Reproducibility of the irradiation and detection geometry 
is very crucial in comparative analysis. This is achieved by allowing the beam and the 
axis of the optical system to meet at a point on the common focal plane. The vacuum 
system of the chamber is independent of the line vacuum which facilitates target 
loading and unloading during operation.
The Si(Li) X-ray detector has a small sensitive area and sensitive crystal 
depth(~28mm^ and 2.75mm respectively), so it is important to place the detector as 
close to the sample as possible to enhance the counting rate. Although non-vacuum 
PIXE is carried out at various places, and sometimes is preferred for certain 
reasons[LOV89, WIL81, MAR87, KHA81, DOY87], our chamber was not designed 
for external beam PIXE and the detector had to stay under vacuum. Under vacuum 
operation was also necessary from the point of view of better detection efficiency, 
specially for low energy X-rays. Another benefit of keeping the detector in vacuum 
is considered to be an extended life of the beryllium window[BAR80]. The front end 
of detector was most of the times covered with an aluminium cap fitted with a mylar 
X-ray filter which also protects the detector window from any physical damage. 
Vulnerability of the window to such damage had been observed in a previous 
incident[BAR76]. The detector is mounted on a screw threaded port outside the 
chamber and its positional accuracy of 0.5mm is assured with the help of a millimetre 
scale which runs along the port. However, to minimize uncertainty due to geometrical 
positioning, the detector was kept at a fixed position throughout the work. The Si(Li) 
detector was held at a fixed angle of 145°, to the beam direction. The selection of a 
backward angle results in better detection limits because angular distribution of the
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bremsstrahlung continuum shows that at such angles the background is reduced to the 
half of its peak value(peak value is at 90°)[ISH77, ISH84].
On the opposite side of the cone is the permanently fixed connector for the 
surface barrier(SB) detector, used to detect the back scattered protons. The SB detector 
axis makes an angle of 165° with the beam direction. At a constant beam energy, the 
mass resolution in RBS is a function of the kinematic factor, which in turn depends 
on the scattering angle 0, see equation 2.11 in chapter 2. The kinematic factor exhibits 
a biggest change at 0=180°. So the steep backward angle, like the one in our setting, 
is always advantageous. While running the experiment the SB detector was slit 
collimated with thick adhesive tape to reduce the particle flux and hence the dead 
time.
One of the insertion ports on the conical section allows the introduction of the 
objective of the microscope while another one is fixed with a vacuum tight glass 
window used to illuminate the interior of the chamber.
3.3.2 The Goniometer
The goniometer is hinged to a rectangular frame and has got two sets of 
controls. The transitional and turntable movement is controlled by two D.C. motors 
with variable speed. The transitional movement across the beam axis was used to 
allow different samplesto te trdHjjhinder the beam spot. The turntable was not used to 
hold any samples, instead a glass piece was fixed on it to facilitate the beam view 
while aligning and focusing the system. The other set of controls is responsible for 0 
and (j) rotational motions achieved with the help of stepper motors and is mainly used
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Figure 3.4: Photographic view of the chamber and goniometer.
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in channelling and depth profiling experiments. The 0 & (|) motion was never invoked 
in the PIXE experiments. The rectangular frame to which the goniometer is attached 
can be moved along the beam axis with a mechanical push-in screw drive fixed on 
one side of the chamber. It was used to bring the sample surface in the optical focal 
plane of the microscope, and hence the beam focal spot. It was particularly useful in 
accommodating the samples of various thickness. A plastic backing was provided at 
the centre of the goniometer on which the target plate was screwed in place. The 
purpose of the "plastic" backing is to electrically isolate the target from the rest of the 
chamber so that ion beam current falling on the target could be measured.
3.4 Charge Measurement
Knowledge of the incident number of particles is very crucial in all ion beam 
analysis techniques. In comparator or absolute PIXE analysis the need for accurate 
measurement of integrated charge becomes even more important. An easy and straight­
forward method of determining the total number of particlesis to integrate the incident 
beam current on the target, assuming that the charge state of the incoming ions is 
known(which for proton and He beam is +1 and +2, respectively). However, the 
production of secondary electrons may complicate the problem. A detailed account of 
their effect is given in a paper by Matte son and Nicolet[MAT79]. Three major factors 
causing the uncertainty are the electrons accompanying the beam which may have 
been emitted by the aperture or other materials. These can be removed by placing 
positively biased electron stripping electrodes in front of the chamber or Faraday 
cup[MUS73]. Khan and Potter urge that such strippers remove essentially all the
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electrons from the beam when biased to +300V[KHA64]. This effect was not studied 
in the present work. The second contributor to the eironeous charge reading is the loss 
of back scattered ions from the beam as it strikes the sample surface. However, it can 
easily be ignored as loss of ions by this process is less than one[CHU78]. The
third and the most important factor is the emission of secondary electrons from the 
target which will result in overestimation of the charge unless they are brought back 
to the target. To push the electrons back to the target an appropriate electrode raised 
to several hundred volts negative potential, called "the electron suppressor", is usually 
placed in front of the target[JOR83, BON86, MYB88].
3.4.1 Electron Suppression
A ring geometry electron suppressor electrode was placed in front of the target. 
Its effect on charge reading was studied by increasing negative voltage applied to the 
ring and measuring Cu K„ X-ray yield normalized to equal charge. A plot of measured 
yield against the applied suppressor bias is shown in figure 3.5a. No improvement in 
the measured yield was observed on increasing the bias voltage (the yield should 
increase to a steady state on successful electron suppression, as shown by 
Malmqvist[MAL82]), rather a random behaviour with a decreasing trend of the X-ray 
yield was seen. The reason might have been the bad suppression geometry which did 
not allow the beam to be concentric with the ring as the beam was passing by the 
edge of the ring. Any attempt to rectify it resulted in obstruction of the X-ray detector 
by the edge of the ring. So it was decided to remove the ring and achieve the 
suppression by applying a positive bias to the target plate itself. A similar approach
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Figure 3.5a: Effect of negative suppressor voltage on Cu X-ray yield.
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Figure 3.5b: Effect of positive Suppressor voltage on Cu X-ray yield.
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was adopted by Knudson[KNU80] and Musket[MUS83] who found a bias of +180V 
and +90V, respectively, to the target holders, adequate for satisfactory electron 
suppression. The same strategy is also in practice on other beam lines at the Surrey 
accelerator[JEY90]. Increase in the positive bias voltage resulted in better suppression 
as can be seen from figure 3.5b which shows the plot of Cu X-ray yield versus 
applied bias. The yield increases to a steady state value as expected. A bias of +200V 
to the target plate was used throughout the PIXE work.
3.5 The Si(Li) X-ray Detector
Choice of the detector is a trade off between detector energy resolution and its 
full peak efficiency. The lithium drifted silicon, Si(Li), detector is the best one for the 
purpose of X-ray spectrometery not only because of its high resolution but also of 
good efficiency over the energy range normally covered in PIXE analysis. Although 
germanium detectors had previously been used in PIXE work[MAS78] and possess 
high efficiency over a wider energy range, they do not meet the mark set by the Si(Li) 
detector resolution. Details about construction and operation of the Si(Li) detectors is 
being omitted here as it has extensively been discussed in the book by Knoll[KN089] 
and numerous other review articles, like those by Ewan[EWA79] and 
Goulding[GOU77].
3.5.1 Detector Specifications
Specifications of the Si (Li) detector(employed in the present PIXE work) as 
supplied by the manufacturer( Link Analytical Limited, High Wycombe, UK) are
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listed below:
Area of the front face of Si(Li) crystal: 28.27mm^ (6mm dia.)
Sensitive depth of the Si (Li) crystal: 2.75mm
Be window thickness: 8jim
Silicon dead layer thickness: 0.03pm
Gold contact thickness: 100Â
Distance of front face of the ciystal 
from Be window: 3mm*
Energy resolution at 5.9 KeV: 140eY
* This does not include the depth of the Be window from the front face of the 
detector probe which is approximated(visually, as any attempt to measure it was 
thought to practically damage the Be window) to 1.5mm.
As part of the determination of the detector efficiency, distance of the crystal 
from the end of the probe was experimentally measured. An '^’^ Am source was placed 
perpendicular to the detector axis. The distance between the source and the detector 
was changed each time a signal under 13.9keV X-ray peak was collected for 400s and 
noted down. As the source was essentially a point source, the X-ray counts would 
follow the inverse square law resulting in the relationship between the count rate and 
the measured distance of:
% = (Eq.3.1)
sj counts
where x is the measured distance between source and the end of probe and do is the 
end of probe to the crystal face distance. This is the equation of a straight line. Least 
square fitting of data to this equation yielded do=11.13 ± 0.2mm, as can be seen in a
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graphical plot of the data in figure 3.6, Subtracting 1.5mm results in the Be window 
to the crystal face distance of 9.63mm, as compared to 3mm supplied by the 
manufacturers. As a comparison, a value of do=10.7 ± 0.2mm was measured by 
Gooding for the same detector[G0089].
3.5.2 Energy Calibration and Linearity of the Si(Li) Detector
To keep a record of energy calibration of the detection system, each time in 
a PIXE run, a dry sample(of Whatmann 41 grade paper) doped with solutions of pure 
elements namely K, Sc, Cr, Fe, Cu, Zn and Ge was irradiated. Linearity of the system 
implies that energy of the ith peak in a pulse height spectrum is given by
Ei = mXi + C
where X,- is the central channel of the ith peak corresponding to energy Ei. For 
accurate determination of the elements linear response of the system is always 
desirable. Table 3.1 summarizes the calibration results on a particular day which are 
plotted in a graph shown in figure 3.7.
Table 3.1: Energy calibration data of the Si(Li) detector system.
X-ray line Line energy(beV)* Fit energy(feeV)® Channel number
K K, 3.312 3.294 78.5
ScK^ 4.088 4.104 94
CrK^ 5.411 5.437 119.5FeK , 6.398 6.377 137.5
Cu K, 8.040 8.050 169.5
ZnK , 8.630 8.651 181
Ge K« 9.874 9.853 204
* Literature value[MAY77] ârïïï @ Least square fit value 
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Figure 3.6: Graph showing the Si(Li) crystal depth behind the Be window.
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Figure 3.7: Graph showing hnear energy calibration of the Si(Li) detector.
42
Chapter 3
The results show an excellent linear response of the system which resulted in 
sum of squares of residues equal to 2.679x10’^  in least square fitting of the raw data 
to a straight line. This calibration accurately identified all the peaks in ^^Am spectrum 
with an error of not more than 3%. Stability of the system calibration can be assessed 
from the deviation of the energy calibration coefficient and the energy intercept from 
their mean values over a period of time.The calibration data between Nov 1989 and 
Feb 1991 show an overall standard deviation of 0.21% in the average slope 
(0.0523keV/ch) and of 2.27% in the average intercept(-0.8126KeV).
3.5.3 Energy Resolution of the Si(Li) Detector
As has already been pointed out, the merits of superior energy resolution and 
good detection efficiency is a deciding factor in the choice of the Si(Li) detector for 
X-ray analysis. According to Hollstein[HOL70] the Si(Li) detector resolution consists 
of more than one component and is given by:
FWHM = ^{135)\FE  + {FWHM)\ + {FWHM)] (Eq.3.2)
where (FWHM)^ is the noise and (FWHM)i the leakage current contribution to the
overall resolution. The detector’s intrinsic resolution, the first term on the right hand
side of the above equation, depends on e, the energy required to create one electron-
hole pair. The value of 8 for Si is 3.76eV[KN089]. E is the photon energy in eV and
F the Fano factor[FAN47], reported to be 0.16 for Si[YAM79].
Energy resolution of the present detector was measured using ^^ Fe and a 
variable energy X-ray source, from Amersham[AME79]. X-rays in the variable energy 
source were emitted by photo-ionization of moveable metallic targets(Cu, Rb, Mo, Ag,
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Ba and Tb) where 60keV incident photons were emitted by a lOmCi annular '^**Am 
source fixed inside the variable energy source. Experimentally measured resolution at 
5.9keV was 141eV, in excellent agreement with the supplier’s quoted value of 140eV. 
The measured resolution over the energy range of 5.9keV to 51.72keY(Tb was 
used to experimentally obtain the Si (Li) detector Fano factor which was found to be 
0.114. This value of F with above quoted value of e=3.76keV were used to calculate 
a theoretical FWHM curve for the present detector. The results are plotted in figure 
3.8. The difference of theoretical and experimental values give the noise and other 
contributions, added together, to the total resolution.
3.5.4 Si (Li) Detector Efficiency
.eneirjyAccurate determination of fulÿpeak efficiency of the detector is very important, 
especially when using the absolute method or a single element internal standard for 
calculating the elemental concentrations in a sample. Various approaches to the 
problem of Si(Li) detector efficiency calibration have been adopted during the last two 
decades. Geherke and Lokken[GEH71] prepared thin sources by evaporating small 
droplets of radioisotope solutions on thin plastic backing films and used them for 
efficiency calibration. Preparation and standardization of such sources for absolute 
emission rates is time consuming and is not always practicable. Hansen et al. followed 
the procedure of using calibrated photon sources to experimentally determine the 
efficiency[HAN73]. To get an accurate smooth efficiency cuiwe they performed a 
theoretical fit to the experimental data. The fit involved detailed measurements of 
detector parameters such as thickness of the gold and the Si dead layers, the sensitive
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Figure 3.8: Plot of experimentally determined and theoretically
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depletion depth of the crystal, Be window thickness. The procedure is quite lengthy 
and may not be feasible in every situation. Cohen extended their work to offer a 
radially dependent five factor theoretical model based efficiency curve[COH80]. The 
model based efficiency values with a radial dependent factor of 0,72 matched the 
carefully measured experimental efficiency points. Yet another method is based upon 
fitting the experimental efficiency data to two separate models, one for high energy 
and the other for the low energy region. In the high energy region the efficiency 
behaviour is governed by a simple exponential equation representing absorption of the 
photons in the detector sensitive region only while attenuation by the detector window 
and dead layer is ignored. In the low energy region the efficiency is assumed to be 
100% and reduction in the efficiency in this region is solely governed by attenuation 
in the Be window, Si dead layer and gold contact. The beauty of this approach is that 
each of the two models can be treated independently and the least square fit is made 
easy by linearizing the equations of the models, as has been demonstrated by 
Montenegro et al.[MON85]. This requires very accurate experimental measurement of 
Kq/Kp ratios in the low energy region. Another difficulty is in dealing with any 
discontinuity at the joining point between the two models.
In our case an approach similar to that by Cohen[COH80] was adopted. 
Standard reference sources, namely ^^Co, ^^ ^Ba, ‘^ ^Cs and ^ ‘Am were used to 
experimentally measure the absolute and intrinsic efficiency of the present detector in 
the range of 6.46h eV to 59.54K.eV. The transition energies and intensity data for ^ ^Co, 
‘^ ^Cs and "^*^ Am were taken from the paper by Gallagher and Cipolla[GAL74] and that 
for ^^ ^Ba from Campbell and McGhee’s paper[CAM86]. The sources were kept at a
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fixed distance from the detector by placing them on the top of an aluminium cap 
which easily fitted on the end of detector probe. An 8mm diameter central hole in the 
top of the cap allowed to place the point sources along the detector axis. Distance 
between the detector crystal and the sources, which included 0.5mm thick polystyrene 
source covering, was 69.6mm resulting in a geometrical solid angle equal to 
5.828xl0'^sr. Attenuation corrections for the source covering and the Be window were 
made below 20keV above which both of the media were essentially transparent. The 
results of absolute and intrinsic efficiency of the Si (Li) detector are listed in table 3.2. 
Error in the measured efficiency values is up to 5% (unless otherwise mentioned) 
which was estimated from the error in the source activity and the relevant peak area.
3.5.4.1 Theoretical Fitting of the Si(Li) Efficiency
The efficiency model proposed by Hansen[HAN73] and later developed by 
Cohen[COH80] was used to obtain a theoretical efficiency curve for the present 
detector. The efficiency model is expressed by[COH80]:
e = e- ■ / ,  • A. • 4 .  - fd - fn  (Eq.3.3)
where e, is the intrinsic efficiency of the silicon crystal, fg is the photon energy
dependent geometrical factor, are the transmission factors through the
beryllium window, gold and silicon dead layers respectively and fg is the correction
for radial dependence of efficiency. The detailed equations for the above factors are
being omitted here as they can be found in the paper by Cohen[COH80]. Figures 3.9
and 3.10 show the plot of detector absolute and inüinsic efficiency. The solid curves
are theoretical fits to the experimental points.The theoretical curves were obtained
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Table 3.2: Results of Si(Li) detector efficiency calibration using standaid sources.
Photon Energy 
(fieV)
Source Absolute
efficiency
Intrinsic efficiency(%)
Expcriincnl Theory
6.46 ^Co 1.428E-4 30.79 80.97
11.88 3.807E-4 82.09 81.33
13.92 ^'Am 3.612E-4 77.88 81.11
14.36 "'Co 3.697E-4 79.97 81,04
17.69 ^'Am 3.473E-4 74.88 79.03
20.70 ^ ‘Am 3.122E-4 67.32 72.77
26.35 ""'Am 2.489E-4 53.67 53.05
30.80 "'Ba 1.947E-4 41.98 38.52
32.10 "'Cs 1.785E-4 38.88 34.98
33.00 ^'Am 1.939E-4 41.81 32.71
35.10 "'Ba 1.462E-4 31.52 28.00
36.50 "'Cs 1.345E-4 29.00 25.29
59.54 3.296E-5 7.11 6.04
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Figure 3.9; Si (Li) detector absolute efficiency.
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Figure 3.10: Si(Li) detector intrinsic efficiency.
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from equation 33, with tlie detector parameters taken as those listed in section 3,5.1 
and a radial dependence factor of 0,82. The radial dependence factor was obtained by 
forcing the curve to pass through the 11.88keV(Np line) point from the ^^Am 
source. Theoretically 100% intrinsic efficiency of the Si(Li) detector over the energy 
range of about 8 to 20KeV is expected however, a maximum of 82% was determined 
experimentally. This could be explained if it is assumed that the detector efficiency 
falls off on moving along the radial direction, away from the central axis, such that 
integrated efficiency over the whole sensitive volume of the Si(Li) crystal is -82%. 
Similar radial dependence was observed by Cohen[COH80] and Liebert et al[LEI73],
3.6 Surface Barrier Detector
The silicon surface barrier detector from Ortec EG & G was used to collect 
back scattered protons as they undergo elastic scattering with the sample matrix. 
Thickness of depletion layer in such detectors varies from 50|o.m in large area 
detectors(~10cm^) to about 2mm in small area detectors(-lcm^)[KLE86] whereas 
range of 2MeV protons in Si is 47j0.m. Thus, the detector can be assumed to be 100% 
efficient. However, no attempt was made to measure the efficiency experimentally, 
partially because it was not required. Energy resolution of the detector was determined 
as 18keV for 5.486 MeV alpha particles from ^^Am. Thickness of the source which 
is thought to have contributed to broadening of the alpha particle peak was not 
determined. Therefore the RBS signal from a thin layer of gold coated on pure silicon 
wafer was used to determine its resolution which gave a value of 14keV FWHM. A 
brass collimator of 5mm diameter defined a central circular area of 19.6mm^ thereby
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preventing the protons from interacting with the edges of the sensitive region which 
otherwise worsen the energy resolution because of low energy tailing. The detector 
was further slit collimated to reduce the particle fluence and hence obviate the dead 
time problem.
The enü'ance window of the detector is too thin to stop the light photons from 
reaching the active volume of the detector. This was confirmed by increased 
background signal as the chamber illuminating light was switched on. Thus the 
chamber was kept dark during the experiments. No effect of fluorescence caused by 
the beam falling on, e.g. Bowen’s kale, was observed. Energy calibration of the 
detector system was achieved with the help of signals of O, Si, Ca, and Fe in the 
elastic back scattering spectrum of IAEA standard soil?. The signal energies were 
obtained using the kinematic factors.
3.7 Data Collection and Spectrum Analysis
The PIXE data were collected by channelling the Si(Li) detector output to the 
Link Analytical pulse processor model 1871/1785 via an optical feedback pre­
amplifier which is cooled to the liquid nitrogen temperature, along with the detector, 
to reduce thermal noise. The pile-up rejection, pulse shaping and signal amplification 
was carried out by the pulse processor. Output from the pulse processor was directed 
to the Sun computer through an Ortec EG & G ADCAM multichannel buffer model 
917. The X-ray spectra were displayed on a computer based multichannel pulse height 
analyzer(MCA) having a maximum of 512 energy channels. The charge collected 
during acquisition of spectral data was also fed to the computer and displayed. It was
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possible to store the spectral data( and the collected chai’ge, as part of header to the 
file) into user defined file on a permanent file storage allocated to the user. Block 
diagram of the data collection system is shown in figure 3.11.
Simultaneous collection of RBS data was made possible by feeding the surface 
barrier detector output to an independent pulse shaping and amplifying circuitry 
according to diagram given in figure 3.12. The spectra were displayed on a separate 
512 channel computer based MCA on PDP-11 computer. The spectra were stored on 
8" floppy disc, which were later transferred to the Sun computer for analysis.
3.7.1 PIXE Spectrum Analysis
Analysis of the PIXE spectra for peak areas, error on peak areas and detection 
limits(DL), were carried out by PIXAN computer package[CLA86], installed on the 
SUN computer. The package consists of two independent programmes namely, 
BATTY[CLA86, CLA81, CLA83] and THICK[CLA86]. BATTY is used to calculate 
the peak areas and related quantities by non-linear least square fitting of the 
experimentally measured spectrum while THICK is used to calculate the X-ray yields 
of elements which are used in determining the elemental concentrations, see chapter 
2. BATTY programme takes care of the sum peaks, silicon escape peaks, tailing 
effects and matrix self absorption effects. It requires two inputs which are, the control 
data for BATTY( file DSETl) and the experimental spectrum(put in file SPECTR). 
The file DSETl contains the detector energy calibration and resolution parameters, the 
thickness of the X-ray filter, backgiound fitting option, mati’ix composition, shopping 
list of the elements under consideration and the energy range for fitting. The output
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Figure 3.12: Block diagram of RBS data collection system.
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is in the form of peak areas under or L„ peaks of the elements. Elements from Zr
to Ba can be determined both by or line but the detection limits indicate that
line is better to use up to Sn[CLA86]. There are two main approaches to determine 
the background viz. the polynomial background and the iterative background which 
is obtained by progressively removing the peaks in successive iterations. Effect on 
peak areas is shown in table 3.3 which compares the two background options while 
analyzing a Bowen’s kale spectrum by taking ratio of the peak areas. In most of the 
present work the polynomial background option was used which resulted in a 
smoother background and better chi square per element values which indicated a better 
peak fitting in a background removed spectrum as can be seen in Table 3.3. Bad peak 
fitting in the iterative background is thought to be due to under estimation of the 
background as indicated by relatively higher peak counts obtained while using this 
option.
3.7,2 Analysis of RBS Spectra
Once the RBS data files were transferred to the Sun computer the spectra were 
displayed on the screen by the RBS plotter programme(this programme is on Sun 
computer). Analysis of the spectra was manually carried out by measuring the relative 
signal heights using a mouse driven cursor. The sample matrix stoichiometry was then 
obtained in the way explained in chapter 2.
3.8 Target Preparation
The samples analyzed by PIXE were either in the form of ~lmm thick and
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Table 3.3: Effect on peak areas and peak fitting with 
two different background options.
Element (Peak area)poiy/(Peak area),^ g^ Chi square per element
Polynomial Iterative
Cl 0.388 9 18.7
K 1.039 41.7 227
Ca 1.029 116.9 55
Cr 0.384 2 47
Mn 0.840 6.8 23.7
Fe 0.974 6.3 20.8
Cu 0.755 2 2.54
Zn 0.931 0.9 2.53
Br 0.942 0.9 1.13
Sr 1.147 1.4 2.9
Rb 1.098 1.7 1.95
7mnV5mm diameter pellets or in the form where little sample preparation was required 
for example the air particulate samples. Before preparing the pellets the complete 
pelletizer set and sample handling polyethylene spatula were thoroughly washed in 8 
molai' decon-90 solution and later rinsed twice in deionized water. At the end tliey
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were wiped with fresh tissue paper to dryness. This procedure was repeated before 
making each pellet. Plastic gloves were worn during the whole session of sample 
preparation. No contamination or cross contamination of the samples was observed. 
This was confirmed by preparing a pellet from analytical grade lithium carbonate 
during a session of sample preparation(from freeze dried blood) and analyzing it. A 
clean spectrum was obtained indicating absence of any contaminant.
The targets were prepared by sticking the samples (pellets or otherwise) on a 
3mm thick aluminium plate using double sided adhesive tape. Analysis of the adhesive 
tape indicated presence of Cl in it. It was believed that no leaching of Ç1 into the 
samples would occur which was confirmed. The confirmation was achieved by 
analyzing a Bowen’s kale sample, one day after the target was prepared and then six 
months later. No evidence of increased Cl in the pellet was found. The samples 
analyzed were mostly of biological or environmental origin which meant they were 
electrical insulators. In PIXE analysis, the samples are required to electrically conduct 
because of two reasons. The first reason being that the final results depend on accurate 
charge measurement which(in the present system) is carried out by integrating the 
incident beam cuirent on the target. The current integration is virtually impossible if 
the sample on which the beam is falling does not conduct electrically. The second 
reason is that the insulating sample charges up and the resulting discharge to the 
nearest conductor produces high bremsstrahlung yields depicted as a huge background 
in the Si(Li) X-ray specPiim. Ahlberg et al[AHL75] observed this effect whereby a 
spectrum from an insulating granite sample was composed of a big backgiound with 
no X-ray peaks except those of iron with reduced yield. This was also observed in our
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case when trying to analyze a target pellet prepared from infant milk powder. A fatty 
layer on surface of the pellet prevented the surface from being coated with 
carbon(explained next) and the resulting spectrum showed a continuum of 
bremsstiahlung radiation background as shown in figure 3.13. The problem of 
insulation was dealt with by coating the target plate holding the samples with a layer 
of carbon, as has been the approach by other workers [CAB 85]. A thin(~200 to 300Â) 
coating layer of high purity carbon was obtained in a vacuum carbon coater employing 
the electric spark technique. To check the possibility of any contamination introduced 
by the coating process, a pure silicon wafer was carbon coated under the same
URconditions as the samples and was analyzed. No contaminating signal was pickedX 
rather a background characteristic of Si was observed. To remove imperfections due 
to shadowing effect in carbon coating, the sides of the pellets were pre-coated with 
a relatively thick layer of colloidal graphite(carbon dag). The graphite layer extended 
down to the aluminium plate thereby providing a good electric contact.
3.9 System Parameters
There are two main parameters which quantify the performance of the PIXE 
system viz., PIXE sensitivity and minimum detection limits(MDL). Both of these 
parameters for the present system were experimentally determined.
3.9.1 FIXE sensitivity
Sensitivity of the PIXE system is defined as the X-ray yield per micro- 
Coulomb of incident(proton) charge per ppm of elemental concentration, thus having
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Figure 3.13: Spectrum from milk powder. High bremsstrahlung yield is
due to sample charging.
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the units of counts/|LiC/ppm. The X-ray yield represents the peak area counts under the 
characteristic X-ray peak of the concerned element. To determine the PIXE sensitivity 
for biological materials a pellet of Bowen’s kale multi-elemental standard was 
prepared. The pellet was analyzed at three different points by irradiating with 2 MeV 
proton beam and the sensitivity was determined from the average aiea under K„ X-ray 
peak of the detected elements. In a similar experiment the sensitivity for IAEA soil-7 
multi-elemental reference material was also determined. Results are shown in figure 
3.14a. The lines through the data points are the sensitivity calculated by a computer 
programme PIXRAY. This programme was written by the author to calculate the 
X-ray yield of the elements in any matrix from equation Eq.2.1. At low energy(Z < 
25) the sensitivity for soil-7 is lower than that of Bowen’s kale because of relatively 
more self absorption in the soil-7 matrix due to higher content of Ca and the presence 
of Si and Fe in its matrix.
3.9.2 Detection Limits(DLs)
The detection limit(DL) is defined as the amount of an element in ppm which 
corresponds to the number of counts under the characteristic X-ray peak equal to ’f  
times the standard deviation in the background under the peak, where /  signifies the 
confidence level. If the signal(peak area) is denoted by S and the corresponding 
background by B then mathematically the above definition can be translated into:
S =fy/B (Eq.3.4)
where/equal to 2 or 3 means 95.7% or 99.7 % confidence level, respectively, in the
59
Chapter 3
determined DL. The BATTY programme assumes a value of 3.29 for f(99.9% 
confidence) after the definition by Currie[CUR68]. In the present work f=2 was 
adopted in the case of INAA or when a comparison between two techniques was 
made, otherwise the same value of DL as calculated by the BATTY was taken. DLs 
for the IAEA soil-7 and Bowen’s kale noraialized to equal incident charge are shown 
in figure 3.14b which indicates better DLs for a biological matrix.
3.10. Reactor Core Tubes for Long Irradiation
The Core tubes(CT) are used for long irradiation of samples near the reactor 
core. These tubes run vertically from the top of the reactor to opposite faces of the 
core which are parallel to 90“ and 270“ outer faces of the octagonal shaped biological 
shield. There are 8 tubes in total, four on each side, one of which is fitted with a 
cadmium sleeve for irradiation at epi-thermal neutron flux. Sealed samples are placed 
inside a 25mm diameter polyethylene capsule which, fixed in an aluminium frame, can 
manually be lowered in the tube at a known level relative to the core. The neutron 
flux varies from tube to tube and along the height of each tube as well. The flux along 
a typical capsule position is shown in figure 3.15.
After irradiation and subsequent cooling, the samples are brought to the 
Physics department of the University of Surrey for y-ray spectrometry. A 40 cm  ^
Ge(Li) detector, coupled to Nuclear Data multichannel analyzer/computer terminal 
model ND66, is used to collect the gamma ray spectra. Efficiency of the 
Ge(Li)detector is plotted in figure 3.16. The solid curve is a functional fit of the
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Figure 3.14a: PEXE sensitivity for Bowen’s kale and IAEA soil-7 matrices.
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Figure 3.14b: Detection limits for Bowen’s kale and IAEA soil-7 matrices.
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following equation to the experimental data.
Efficiency = PJ[E^ * + (Eq.3.5)
where P are the fit parameters and E is the photon energy in keV. On line automatic 
data transfer is possible by running a data transfer programme on the ND66. A 
maximum of 12 samples can be placed on a carousel. Movement of the carousel is 
controlled by the data transfer programme which enables counting for preset live time, 
subsequent data transfer and then changing the sample automatically to the next one. 
This arrangement offers excellent positional accuracy(~lmm) which is important when 
samples are counted close to the detector crystal.
3.11. Gamma-ray Spectrum Analysis
Data de-convolution to get y-ray peak areas was performed by running the 
SAMPO spectral analysis programme[ROU69a, ROU69b] on reformatted data files. 
The FITDO control file for running the SAMPO was obtained by counting ^^ E^u y-ray 
source with each batch of the samples and later analyzing it. This file contains the 
energy calibration and parameters of the peak shape function.
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Figure 3.16: Absolute efficiency of Ge(Li) detector.
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SIMULATION OF PIXE SPECTRA
4.1 Introduction
Rapid development of PIXE analysis over more than a decade have extended 
its uses in many fields. Although the basic spectral shape is similar from sample to 
sample, there could be differences in the detection limits, sensitivity and presence or 
absence of inter-elemental interferences when samples of various origins like 
industrial, biological, geological or aichaeological aie analyzed. To answer the 
questions like: What are the detection limits for different matrices? How is the X-ray 
yield of certain elements affected when the nature of the matrix changes? How do the 
detection limits change with incident charge and the beam energy? One needs to carry 
out trial experiments before actual data collection commences. This may be costly in 
terms of time and money. However such answers can very easily be supplied if the 
PIXE spectrum is simulated on a computer. Sometimes one needs to analyze 
thousands of samples[DUE79] where spectrum simulation may play an important role 
in planning the final experiments.
To produce simulated PIXE spectra a computer code SOMPS(simulation of 
multi-elemental PIXE ^ectra) was written which can simulate a wide range of target 
matrices and characteristic X-ray peaks for the elements which are better 
represented by K X-ray lines rather than L lines. It is an interactive programme which 
allows the user to vary the parameters and see the results in a matter of a few seconds.
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4.2 Shape of PIXE Spectrum
A FIXE spectrum consists of two main components viz. the bremsstrahlung 
background radiation and the characteristic X-ray peaks. The background is a 
characteristic of the sample matrix composition while the X-ray peaks are signatures 
of different elements present in the sample. The chaiacteristic peaks are sitting on the 
background continuum at different channels according to photon energies. Production 
mechanism for both of these radiations is different which means they need to be 
addressed separately to produce a simulated FIXE spectrum.
4.3 FIXE Spectrum Background
As has been mentioned earlier, in a FIXE spectmm the characteristic X-ray 
peaks are superimposed on a continuum of electromagnetic background radiation. 
Although there is more than one source of the background (to be referred to later) but 
the main one is bremsstrahlung radiation. The reason for using protons instead of 
electrons for X-ray production is partly that the bremsstrahlung radiations are crudely 
(1836)^ times more in the case of electrons. Coming back to the proton case the 
contributors to the spectrum background are: projectile bremsstrahlung(FB)[FOL74a], 
secondary electron bremsstrahlung(SEB)[FOL74a, ISH76, ISH84], Compton scattering 
of y-rays produced in nuclear reactions(CS)[YAM81, CHU81] and atomic 
bremsstrahlung(AB)[ISH77, ISH84, OZA86]. SEB is the most important of all 
these[FOL74a, FOL74b]. Theoretical estimation of the background involves very 
complex and lengthy quantum mechanical calculations like those presented in above 
quoted references and in a recent paper by Ishii and Morita[ISH88]. Although these
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calculations are important on their own in understanding the basic physical processes, 
it was thought not suitable to carry out the detailed computations for the purposes of 
the present work and the time scale involved. In a rather simpler approach the matrix 
specific backgrounds were experimentally measured. A similar methodology was 
followed by Clayton[CLA81].
4.3.1 Background Libraries
A library of standard backgrounds was experimentally generated using a 2MeV 
proton beam from the Van de Graaff accelerator. The library contains backgrounds 
representative of geological, biological and industiial samples. All the backgrounds 
were obtained by irradiating appropriate samples and smoothing the resulting spectrum 
to get rid of any X-ray peaks superimposed on the background. The algorithm 
compaies the spectrum height at a point i with the mean of the spectrum heights Yj.j 
and Yi+i at points i-1 and i+1 respectively. If Y; is less than or equal to Y„, then Y; is 
unchanged otherwise it is replaced by Y,^  which is the mean of Yj.^  and Y;+i. Two 
hundred runs through the original spectrum progressively removes the peaks and a 
background characteristic of the sample matrix is left. The background for biological 
samples was obtained from Bowen’s kale and IAEA animal blood multi-elemental 
standards. Reference background for geological samples was obtained from IAEA soil- 
7 elemental standard. To represent the industrial samples backgrounds from pure 
aluminium, silicon wafer and graphite were obtained. Figure 4.1 shows the spectra 
from Bowen’s kale and IAEA soil-7 standards with the backgrounds obtained from 
them by using above algorithm. All the measiurements were made with a 350pm mylar
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Figure 4.1. Bowen’s kale(a) and IAEA soil-7(b) spec ha with backgrounds 
as obtained by smoothing the spectra.
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filter placed in front of the Si(Li) X-ray detector. This filter was used in the PIXE 
experiments to reduce count rate from low energy X-rays. A subroutine BREMSS 
reads the required background and scales it according to integrated charge and 
effective Z-number of the matrix.
4.4 Characteristic X-ray Peaks
Each element in the target matrix is characterized by the corresponding X-ray 
peaks. Knowledge of relative intensity of the peaks in an element allows calculation 
of the area under each peak if X-ray yield(area counts) of the reference line(K^ in the 
case of K-lines) is already known. The X-ray yield for the K„ line of a trace element 
is calculated from the concentration(g/g) of the element by the following equation.
0
Ae4iz g^ i3{E)Exp
\
cose.}  dÉ
cose.J S(É)
dE (Eq.4.1)
5(E)
Meanings of various terms are the same as explained in section 2.2.2 of chapter 2. To 
calculate the X-ray yield from equation Eq.4.1 one needs to calculate the ionization 
cross section and the matrix stopping power as the proton energy reduces along its 
penetration depth in the sample. These calculations are explained below.
4.4.1 Calculation of Ionization Cross-section
The proton ionization cross-section for the K-shell of the trace elements were 
calculated using the formulation of Johansson and Johannson[JOH76]. They produced 
a relationship which expressed the non-relativistic binary encounter approximation
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(BEA) theory in the following form:
ln(a.t/2) = Z 6 . J n
n=0 XU.L V 'P
(Eq.4.2)
where a,- is the K- or L-shell ionization cross section in units of lO'^ '^ cm^ , stands 
for K- or L-shell ionization energy in eV, X is the ratio of proton to electron mass 
which is 1836.1514 and Ep is the incident proton energy in eV. They obtained the 
values of parameters by fitting the polynomial to then existing experimental data 
for proton ionization cross sections. The fitted values of these parameters are given 
in Table 4.1.
Table 4.1: Fitted values of parameters in equation Eq.4.3[JOH76].
Parameters K-shell L-shell
bo 2.0471 3.6082
b. -0.65906E-2 0.37123
bz -0.47448 -0.36971
bs 0.09919 -0.78593E-4
b4 0.046063 0.25063E-2
bs 0.60853E-2 0.12613E-2
Cross sections obtained with this relation compare well for low Z elements 
with the recent published values by Cohen and Harrigan[COH85] who calculated the
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cross sections using plane-wave Bom approximation(PWBA) with corrections for 
energy loss(E), Coulomb deflection(C), perturbed stationary state(PSS) and 
relativistic(R) effects(ECPSSR). However the cross section progressively deviates from 
the ECPSSR values for higher Z elements which becomes more significant for 
elements heavier than zirconium or yttiium leading to under estimation of the cross 
section if ECPSSR values are taken as standard.
4.4.2 Matrix Mass Stopping Power
As protons penetrate through the sample matrix they lose their energy via 
inelastic encounters with bound atomic electrons in the medium. Because of heavier 
mass and greater momentum of protons as compared to electrons, they dissipate less 
fractional energy per collision with electrons. For a given proton energy the energy 
loss per unit length traversed in the matrix depends on elemental composition and 
density of the matrix. This quantity is known as the linear stopping power or specific 
energy loss and is denoted by dE/dX where dE is the energy lost by protons in 
travelling a distance dX in the sample. A more useful quantity is the mass stopping 
power(hereafter called stopping power) which is energy loss per unit mass thickness 
of the matrix and mathematically is given by:
S(E) = 1 Æ  (Eq.4.3)p dX
where p is the density of the matiix. In eaiiy PIXE work the stopping powers by 
Northcliffe and Schilling[NOR70] were used however interpolation of the stopping 
powers was difficult as they were based on review data. Anderson and
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Zeigler[AND77] and Zeigler[ZEI85] produced more useful tables of stopping powers 
by semi-empirical mathematical models of the Bethe-Bloch and Lindhard theory. They 
obtained parameters of the models for all the elements by fitting the experimental data 
to their models. Although the tables produced by Zeigler[ZEI85] are the most recent 
and are supported by a sophisticated data base yet they have not been extensively used 
in PIXE and in this sense are still virgin. The most widely used data base is that by 
Anderson and Zeigler[AND77]. Because of this confidence, their model was employed 
in calculating the matrix stopping powers as required in equation Eq.4.1. The original 
model calculates stopping cross section in the units of eV/( 1 O^^atoms/cm^) and breaks 
into three energy regions: 
region 1 1 - lOkeV
Stopping -  A^E (Eq.4.4a)
region 2 10 - 999keV
where
and
Stopping =  f " ' " "  •
^HIGH ^LOW
(Eq.4.4b)
(Eq.4.4c)
H^IGH (— (Eq.4.4d)
region 3 1000 - 100,000keV
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rA,Stopping = (— )p2
A 32 4
1 - p  (=0
(Eq.4.4e).
In above equation E is Hydrogen energy/Hydrogen mass in units of keV/amu, A, are 
the fitting coefficients and P is ratio of the projectile velocity to the velocity of light. 
The stopping cross section is converted into stopping power by the following equation
S(£) = Stopping^E B . (Eq.4.5)
where A^ denotes the atomic mass number of element Z. A sub routine MASTOP was 
written to provide stopping power at required energy when performing numerical 
integration in equation Eq.4.1.
4.4.3 Matrix Self Absorption
In equation Eq.4.1 the X-ray yield is corrected for matrix self absorption effect. 
At each characteristic X-ray energy the mass attenuation coefficients of individual 
elements which the matrix is composed of were determined and the matrix attenuation 
coefficients were then calculated using the Bragg’s rule by:
n  = Sn-w. (Eq.4.6)
M ‘  ‘
where p., and are the mass attenuation coefficient and relative concentration by 
weight of jth matrix element. The individual attenuation coefficients were taken fi'om 
the extensive theoretical tabulation by Storm and Israel[STO70j. These coefficients
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excellently compare with those calculated relatively recently by Hubbell[HUB82] and 
with the latest semi-empirical fitted values by Gerward[GER86]. The Storm and Israel 
tables provide values of fi,- at limited number of energy points thus one has to 
interpolate the attenuation coefficients at intermediate energy values.Keeping in mind 
that the attenuation coefficient is an exponent function of photon energy the 
interpolation was carried out by one order(linear) spline fit to log-log values. The 
algorithm for interpolation was put into a subroutine ACOEFF. From the successive 
three quoted values in the original tables it was found that the algorithm gave results 
which were accurate to 0.6% in the low energy region and 0.2% in the high energy 
region. This was thought acceptable as the percent uncertainty thus caused in the X- 
ray yield is always less than or at the most equal to that in the p. value[CAM84]. 
Hence more sophisticated interpolation schemes like cubic spline were not employed.
4.4.4 Detector Efficiency Factor
The same efficiency model as described in section 3.5.4.1 was used to calculate 
the detector efficiency factor e in the equation Eq.4.1. To correct for transmission 
through 350pm mylar filter the empirical fitted equation by Clayton[CLA86] was 
used. According to this model the transmission at energy E keV through a mylar filter 
of thickness x^i mm is given by the following equation.
T(E) = £xp(-470.1648;c„/-^’*’’) (Eq.4.7)
A subroutine DETEFF performs the necessary calculations to determine the 
detector efficiency at required photon energy.
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4.5 Numerical Integration
Equation Eq.4.1 involves integrations over stopping power and the ionization 
cross section. The integration was performed numerically by the multiple-application 
tiapezoidal rule[CHA89]. According to this rule a function can be divided into n 
intervals between the limits of integration Xq and so that the area under the curve 
defined by this function is given by:
^ 1  ^ 2  ■*11
/  = ^{x)dx + ^ x ) d x  + ... + ^f{x)dx (Eq.4.8).
* 0  * l  * » - !
Applying the trapezoidal rule for each interval yields the following equation.
If the intervals are infinitesimally small equation Eq.4.9 approaches the exact integral 
of the function/(xj. In selecting the energy intervals(energy being independent variable 
while stopping power the dependent one) in our case the criterion followed was that 
change in the integrand is less than or equal to 1% in moving from one point to the 
next so that intermediate segment could be approximated as a straight line. Accuracy 
of the numerical integration was tested by comparing the proton ranges as determined 
by the above scheme with those tabulated by Janni[JAN82] for various materials 
which showed an excellent agreement between them. A subroutine CALINT was 
written to perform the integration in equation Eq.4.1.
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4.6 Generation of the PIXE Spectrum
Once the area counts were calculated from equation Eq.4.1 the characteristic 
X-ray peaks of various elements were modelled. As the detector response function is 
essentially a Gaussian, the peaks were represented by the following equation:
2a" /
(Eq.4.10)
where P^ is the peak height and the energy of the characteristic X-ray line of 
element Z. Peak height was determined by taking ratio of the peak area to the area 
under a Gaussian function. The values of a  were calculated from a theoretical fit to 
the measured resolution data as explained in section 3.5.3. A subroutine PEAKEL was 
written to generate the peak functions.
The simulated PIXE spectra were got by adding the elemental peaks to the 
appropriate standard background, thus
Spect(E) = B(E) + (Eq.4.11)
J k
where Spect(EJ is the spectrum value at channel energy E- corresponding to ith point 
on the energy axis, B(EJ is the reference background at is intensity of jth peak 
relative to the reference peak and Gj^(EJ is the Gaussian function for Jth peak of 
element k.
The input file to the programme contains the trace element’s Z-number and 
their concentration in pg/g while another file supplies relative concentration of the 
matrix elements. The X-ray data for the trace elements, the data for attenuation 
coefficients and that for stopping powers aie kept in separate files which are 
automatically attached to the programme. Figure 4.2 shows the flow of the
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programme. Output from the programme is the X-ray spectrum in a format which can 
easily be plotted, detection limits, precision in the peak areas and total integrated 
counts in the full spectrum.
4.7 Results and Discussion
Figure 4.3 shows the simulated PIXE spectrum of Bowen’s kale multi- 
elemental standard reference material. An experimentally measured spectrum of 
Bowen’s kale under exactly the same conditions as assumed in the simulation is also 
plotted in the same graph for comparison. The simulated spectrum fits well over the 
measured one which indicates effectiveness of the code. However differences do occur 
at the lower energy end where a triplet of peaks is absent from the simulated 
spectrum. This triplet in the experimentally measured spectrum consists of the escape 
peaks of K and Ca lines which are quite prominent because of high
concentrations of Ca and K in the sample. The escape peaks have not been modelled 
which explains their absence from the simulated spectrum. Reduction in the yield of 
Cl and absence of S and P peaks is due to absorption in 350|Lim thick mylar filter 
interposed between detector and the sample. Relative heights of K„ and Kp lines in the 
simulated spectrum are well predicted which is based on accurate calculation of X-ray 
yields and modification of K^/Kpintensity ratios due to matrix effects and detector 
efficiency function. Figure 4.4 shows the modified K /^Kp ratios for various matrices 
as calculated by SOMPS. The Bowen’s kale matiix behaves like a carbon matrix 
which means that a biological sample whose matrix composition is not exactly known 
can be assumed to have a carbon matrix. The effect of Ca K-absorption edge is clearly
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Figure 4.2: Flow chart of programme SOMPS.
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manifested in the case of a calcium matrix. These figures show that for elements 
heavier than ai’senic the effect of matrix variation is relatively small while for low Z- 
elements the matrix effect is overshadowed by the absorption in the thick mylar filter.
4.7.1 Detection Limits(DLs)
An important consideration for the analyst in planning a PIXE analysis 
experiment is knowledge of the detection limits for the elements of interest in a given 
matrix. The SOMPS code calculates the detection limits in |ig/g of the elements 
selected by the analyst. The programme calculates the detection limits ffom[CUR68]
DL = 32%!b  (Eq.4.11)
where 3.29 is based upon 99.9% confidence and B is the background under the K„
peak of the element of interest. The background is determined by integrating the
standard background over a range+^a across the X-ray peak. As the same definition
of DL and B is used by the PIXAN code[CLA86], the comparison of simulated and
experimentally determined DLs was possible. Such a comparison is shown in Figure
4.5 which plots experimentally determined and simulated detection limits for Bowen’s
kale matrix. In most of the illustrations the Bowen’s kale matrix has been used
because it represents a standard biological sample matrix and one of the aieas of
common interest is analysis of biological samples. Experimental DLs are shown by
individual points representing various elements. Detection limits predicted by the
simulation favourably compare with the experimental ones apart from scatter in the
experimental points which is thought to be partly due to counting statistics and partly
due to inherent inhomogeneity in distribution of trace elements in the matrix. The
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Figure 4.3: Simulated and experimentally measured spectrum of 
Bowen’s kale for 10p.C incident charge and 2MeV energy.
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Figure 4.4: K /^Kp intensity ratios as modified by various matrices. 
The original data is given for compaiison.
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Figure 4.5: Simulated and experimentally obtained DLs for Bowen’s kale matrix.
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predicted DLs provide a good indication of the concentration levels of various 
elements which can be picked up under given experimental conditions for a biological 
sample. Poor DLs for low Z-elements are due to absorption effects as explained 
earlier.
4.7.1.1 Study of Factors Which Affect Detection Limits
To optimize the experimental conditions for better detection limits it is vital 
to explore various parameters affecting DLs, In the following sections these 
parameters and their effects on DLs are studied.
a) Beam Energy
One of the primary parameters is the energy of the incident protons. 
Qualitatively speaking one expects better detection limits as the proton beam energy 
is increased. A quantitative estimate of improvement achieved in DLs by increasing 
the beam energy is carried out by ninning the simulation programme with different 
incident energies. This was done by taking the Bowen’s kale matrix and calculating 
the simulated spectra and the DLs for 1, 1.5, 2, 2.5 and 3MeV energies. The output 
spectra and DLs are plotted in Figure 4.6(a,b). Significant improvement in DLs is 
credited by increasing the energy of the proton beam. However the improvement 
factor obtained in switching the beam energy from 1 to 1.5 or 1 to 2MeV is larger 
than that obtained in going from 2 to 2.5 or 2 to 3MeV respectively. Table 4.2 lists 
the improvement factors in DLs as the energy is stepped up from 1 to 2MeV and from 
2 to 3MeV respectively. The figures indicate that there is relatively small gain in
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terms of DLs in jumping from 2 to 3MeV as compared to moving from 1 to 2MeV 
energy.
b) Incident Charge
Total integrated charge falling on the sample is another beam parameter to be 
studied. Apart from better counting statistics increased integrated charge is expected 
to improve the detection limits as well. Again Bowen’s kale matrix was chosen as the 
test case and DLs as well as precision on the peak areas were calculated by SOMPS 
at various charge readings assumed. The results for detection limits are plotted in 
Figure 4.7a and those for precision in Figure 4.7b. Figure 4.7a shows that better 
detection limits are achievable by increasing the amount of total charge falling on the 
sample. Further analysis of the results reveals that DLs and precision both improve as 
square root of the incident charge. This relation is evident from Figures 4.7b and 4.8. 
In Figure 4.7b precision in area of peaks of K, Fe and Br is plotted as a function 
of incident charge whereas Figure 4.8 plots DLs of Fe as a function of integrated 
charge.
c) Matrix Composition
Because of self absorption effects the sample matrix composition affects the 
X-ray yields. Also the bremsstrahlung background is different for different matrices 
which would change the detection limits. To study the effect the matrix composition 
makes on the detection limits the SOMPS code was used to calculate detection limits 
for three matrices viz. carbon, Bowen’s kale and silicon matrix. The results for
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Table 4.2: Improvement factors in detection limits by increasing 
the proton beam energy.
Z- number of element DL(lMeV)/DL(2MeV) DL(2MeV)/DL(3MeV)
17 4.3 1.2
19 6.0 1,6
20 6.5 1.7
24 9.1 2.3
25 9.8 2.4
26 10.5 2.6
28 11.8 2.8
29 12.4 2.9
30 13.0 3.0
35 16.7 3.4
37 18.3 3.6
38 19.2 3.7
detection limits are plotted in Figure 4.9. The graphs show that the DLs improve as 
Z-number of the matrix reduces. The best DLs are obtained for a carbon matrix 
however they are not very far below than those for a Bowen’s kale matrix. This 
supports the argument that a carbon matrix can be assumed for biological samples as 
has been reported else where[KHA83, KHA89].
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Figure 4.6: Bowen’s kale spectra(a) and detection limits(b) 
for various proton energies.
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Figure 4.8: Variation of detection limit of iron in Bowen’s kale 
matrix as a function of charge.
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Figure 4.9: Detection limits for various matrices.
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4,7,2 Various X-ray filters
In biological sample light elements with Z-number as low as 6(carbon) are 
usually present in high concentration levels. Similarly samples of geological or soil 
origin contain appreciable amounts of aluminium and silicon. Spectra from such 
samples are dominated by intense X-rays from light element matrix components(like 
sodium). This limits the amount of incident current resulting in reduced count rate 
from high energy X-rays of trace elements. To increase the trace elements yield one 
has to compromise the low energy region of the spectrum by introducing X-ray filters 
which heavily absorb X-rays from low Z-elements and allow the current to be 
increased. Depending on the elements of interest one needs to choose an appropriate 
thickness filter. In such situation simulation is useful to find a filter to cover the range 
of elements of interest.
To illustrate this SOPMS was used to obtain spectra from Bowen’s kale sample 
with different filters. With 350p.m thick mylar filter the Bowen’s kale spectrum will 
look like that shown in Figure 4.3 as indicated by the solid line(ignore escape peaks). 
With this filter in place X-rays from phosphorus and sulphur are absorbed. Assuming 
an incident current of lOnA and 0% dead time SOMPS gives a count rate of 942cps. 
For comparison, in an experimental measurement under exactly the same conditions 
a dead time corrected count rate of 987cps(dead time was 2.7%) was determined. To 
increase X-ray yield from low Z-elements a 100p,m thick mylar filter was assumed. 
The spectrum thus obtained is shown in Figure 4.10 which shows peaks from S, P and 
Cl are quite prominent. However the progiamme gave a detector output of 11666 
counts per second which is thought to result in more than 70% dead time for 3|is
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shaping constant in a practical situation[INS40]. To cope with such problem a thick 
mylar filter with a central pinhole can be used. Depending upon the area of the hole 
relative to the detector area, a portion of the low energy X-rays will be transmitted. 
To show this a 350|Lim thick mylar filter with a central hole of 100p,m diameter was 
used in simulation. A simulated Bowen’s kale spectium with pinhole filter is shown 
in Figure 4,11. The high energy X-rays are little affected while signals from P, S and 
Cl are present at levels above their detection limits. It is interesting that with this filter 
the programme gave an integrated count rate of 960cps(assuming 0% dead time) 
which is not very high when compared to the case of 350jim thick filter with no 
pinhole. The solid angle subtended by the central hole at the irradiation point is 
estimated to allow 1650 back scattered protons to fall on the detector when a graphite 
matrix is irradiated to 2MeV proton beam for 5p.C of incident charge. These protons 
may cause damage to the detector crystal over repeated use. To avoid this the central 
hole can be made wider to cover 5-25% of the detector area and covered with a thin 
filter.
Detection limits obtained for 350|im thick, 100|im thick and 350p.m thick with 
central pinhole mylar filters are plotted in Figure 4.12 for comparison.
4.7.3 Inter-elemental Interferences
Another important use of simulation is pre analysis investigation of 
interferences among various X-ray peaks from different elements in a sample. A very 
simple example is shown in Figures 4.13a and 4.13b where spectra from industrial 
sample of silicon with impurities of Fe, Ni, Cu and Zn are simulated. Figure 4.13a
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corresponds to the impurity level of 5ppm for each of above four elements. 
Interference of Ni Kp with Cu K„ line is obvious. However as the Cu line is
relatively intense any error introduced in its area will be small. When concentration 
of Ni is increased to lOOppm the Cu line is strongly overlapped by Ni Kp(Figure 
4.13b) which may hamper accurate determination of area under Cu line. Simulation 
of such inter-elemental interferences can also be helpful in testing the spectrum 
analysis codes for theii’ efficiency in removing the contribution from an interfering 
peak.
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Figure 4.10: Bowen’s kale spectrum for lOOjam thick mylar filter.
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Figure 4.11: Bowen’s kale spectrum for pinhole filter(see text).
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Figure 4.12: Detection limits for Bowen’s kale matrix with various filters in place.
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FIXE ANALYSIS OF NEW REFERENCE 
MATERIALS
5.1 Introduction
There has been a growing concern about the dietary intake, metabolism and 
role of trace elements from point of view of human nutrition and disease[EGA91, 
C0091, HET91, CIR91]. Thus trace element analysis of samples of biological origin 
has attracted considerable attention over the last two decades. This is partly because 
of increased awareness about the clinical and biomedical role of "essential" and 
harmful effects of toxic elements. The need for accurate and reproducible results bom 
analysis of trace elements of interest in human tissues, body fluids and items of diet 
cannot be over emphasized. This requires careful calibration of the analytical 
technique being employed in the analysis. Use of reference materials plays very 
important role in establishing a technique and offering a means of accurate calibration 
and analytical quality control. Also to approach a "true" concentration value in trace 
element analysis the reference materials with certified elemental concentrations and 
specific matrix composition are required to act as comparator. International and 
national organizations like the International Atomic Energy Agency(IAEA) and the 
National Bureau of Standards(NBS), now called the National Institute of Standards 
and Technology(NIST) provide a wide range of reference materials[ANA88, SEW88]. 
An extensive list of biological reference materials published by Roelandts[ROE89] 
give an indication of their importance and demand in the analytical world.
In the present chapter, analysis of three IAEA diet samples, two NIST leaf
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samples and one ‘Happy Shopper’ wheat flour sample using comparative and absolute 
PIXE analysis is described. The diet samples(Fl-9, F2-9, F3-9) were received from 
the IAEA as part of an intercomparison programme to investigate whether these were 
suitable reference materials as far as their fluorine content was concerned. Apart from 
fluorine concentration which was determined using the PIGE technique, determination 
of the concentration of other elements in these samples was also carried out to assess 
their potential as multi-elemental human diet reference materials. Samples of apple 
leaves(A-S) and peach leaves(P-8) were received from NIST, USA, to be analyzed for 
elemental content as part of the ASTM Task Group’s Biological Material Quality 
Assurance Intercomparison. These leaf samples will eventually be certified by NIST 
as NBS Standard Reference Materials. At a certain stage it was thought worthwhile 
to have a biological reference material of our own. Happy Shopper wheat flour being 
widely consumed and easily available in a homogeneous fine powder form at cheap 
rates was considered to be the best choice.
In the comparative analysis Bowen’s Kale was used as the certified reference 
material. All of the above materials and Bowen’s Kale were also tested for 
homogeneity and their representative mass(given by the sampling factor) was 
determined.
5.2 The Sampling Factor
Extrinsic sources of errors on the analytical results can be controlled, in one 
way or the other, some of which have been pinpointed by Kratochvil and 
Taylor[KRA81]. However, intrinsic sampling uncertainty is unique in the sense that
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it cannot be controlled in a given sample. Accordingly the sampling uncertainty needs 
to be investigated separately. To minimize such uncertainty caused by biasing in 
choosing a subsample from a given sample, one may argue in favour of a "random" 
selection but size of the subsample to be randomly taken puts a question mark. 
Because quantity of a material even if successfully taken randomly may not be 
representative of the bulk of the material as for homogeneity of elemental 
concentrations is concerned. This will introduce an unwanted component of error in 
the final results making difficult to reach the true mean. Thus knowledge of 
representative sample size is always beneficial. A mathematical approach to anive at 
a representative sub sample size has been suggested by Ingamells through calculation 
of sampling constant[ING73, ING74, ING76] or sampling factor as Spyrou and 
Mughrabi call it[SPY88]. Sampling factors were originally determined for geological 
materials[ING73] but Heydorn rather later suggested its possible extension to 
biological samples [HEY84]. The concept of sampling factor for determination of 
representative mass has previously been applied to the biological materials using both 
INAA and PIXE analysis techniques[HEY87, SPY88, SPY90].
Sampling factor is defined as the subsample mass necessary to ensure a relative 
eiTor of 1% in a single determination. Mathematically it is given by[WIL64, KLE67]
Xj -  R^m (Eq.5.1)
where Xy is the sampling factor having units of mass, R the relative standard deviation 
in percent and m the mass of the replicate subsamples of equal mass. If results of N 
replicate determinations are represented by Xy, %2, ..., Xy^ then Xy can be calculated 
from[HEY87]
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=
10'*m (x -  X )^- E—!____   -  o '/=! N -l
(Eq.5.2)
where
X = — Ex. Nm '
(Eq.5.3)
The second term in Equation (Eq.5.2) is the average standard deviation on N 
determinations and is calculated from[HEY87]
1 _ 1 y 1
N i = i
(Eq.5.4)
where a,- is the standard deviation on ith individual independent determination and is 
given by
O. = /(S, + 26,) (Eq.5.5)
where is the full energy photopeak area and the background under the concerned 
peak for ith determination.
5.3 Homogeneity of Reference Materials
One of the most essential prerequisites of a reference material is homogeneity 
of the certified elemental concentrations in it. An inhomogeneous reference material 
will lead to higher uncertainty in the analytical results specially when it is used as
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comparator. Homogeneity of the materials is usually assured for relatively large 
amounts(200-500mg) as mentioned by Kojima[KOJ86]. However no attempts to assess 
homogeneity at the |ig level have been made. PIXE analysis offers such a possibility 
as size of the sample analyzed turns out to be in (ig.
Homogeneity is indirectly given by the estimate of inhomogeneity of a given 
element in a given matrix. Inhomogeneity is detemiined from standard deviation, a, 
of the analysis which is defined by Youden[YOU67] as composed of two components, 
namely variance due to random error of analysis( = a / )  and variance due to 
sample inhomogeneity( = o /). Thus the standard deviation is given by:
a  = + q\ (Eq.5.6).
Therefore deviation due to inherent inhomogeneity of the sample is given by:
(Eq.5.7).
Equation (Eq.5.7) has been used in the past for the determination of inhomogeneity 
of reference materials using INAA[KUC89, SHU84B]. In PIXE analysis <5^ can be 
approximated by
+ (5] + (5] (Eq.5.8)
where is the error introduced by proton ciment fluctuation and charge integration, 
Gg is the enor due to fluctuations in the incident proton energy and is the statistical 
error associated with the peak area and is defined by Eq.5.5. Random error due to 
charge integration and current fluctuations was estimated to be 3% at the maximum.
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This figure was aixived at by normalizing charge with the RBS signal from carbon, 
the major matrix element in a biological specimen. Error due to fluctuation in proton 
energy was neglected as it was less than 1 percent during stable accelerator running 
conditions.
5.4 Absolute Analysis
Sometimes it is difficult to detect certain elements in the reference materials 
for example Cr in Bowen’s Kale was not detected and was below the detection limit 
under the experimental conditions explained later. In such situations absolute analysis 
can be applied for calculating the concentration of elements of interest. However, one 
has to live with the errors due to those associated with the data base used and 
detection efficiency measurement. To test the feasibility of absolute analysis, this 
method was also applied to calculate elemental concentrations in the samples of IAEA 
diet, NIST leaves, H/S wheat flour, Bowen’s kale and IAEA soil-7 reference material. 
For absolute analysis the concentrations can be calculated from the following equation 
which is obtained by reaixanging Eq.4.1:
r  = YAe4n
r \
0
^<3{E)Exp
E
COS0, )■ dÉ
cosoj s(É)
dE (Eq.5.9).
This equation was encoded into a computer programme PIXABS written in 
FORTRAN??. The data base used was the same as explained in chapter 4.
5.5 Sample Preparation
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All the samples were in fine powder form except the IAEA diet samples which 
comprised of coarse grain powder. 7mm diameter and 1mm thick pellets were 
prepared out of these samples using a stainless steel pelletizer. The pelletizer and 
polyethylene spatula were thoroughly washed in demineralized water before preparing 
each pellet. The final target plate was prepared and carbon coated in the same way as 
explained in section 3.8, chapter 3. Before pelletizing no homogenization of the 
samples was carried out, however, the diet samples were thoroughly mixed with the 
polyehtylene spatula because of their coarse grain nature. All the samples were stored 
in a wooden cabinet in a clean room facility. The target preparation was also carried 
out in the clean room. For determination of fluorine content of the diet samples a 
separate target plate was prepared. A pellet of IAEA Animal Bone reference material 
was also prepared for calculation of fluorine concentration by the comparative method.
5.6 Experimental Method
The target plate holding the samples was loaded in the vacuum chamber for 
deteimination of elements other than fluorine using PIXE analysis. The chamber was 
evacuated to 10^ torr before opening the gate valve. A 2MeV proton beam was 
focused down to 0.5mm diameter on the surface of the samples with a nominal current 
of 8nA. Each of the target pellets was irradiated at ten different points, each spot 
representing a replicate subsample. The PIXE spectra were collected on the Sun 
computer whereas the simultaneous RBS spectra were collected on the PDP-11 
computer. To attenuate the low energy & high intensity X-rays a 350|i,m thick mylar 
filter was used. This was necessary to cope with the problems of pulse pile up and
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dead time. All the PIXE spectra were normalized to 10p.C of charge collected and 
later were analyzed for peak areas by the PIXAN programme.
In a separate experiment three diet samples were analyzed using the PIGE 
technique for determination of their fluorine content. A pellet of IAEA animal 
bone(IAEA-H-5) reference material was also prepared and analyzed alongwith the 
samples. The resonance reaction ‘^ F(p,a'^Ÿ^O at 872keV with resonance width equal 
to 4.7keV[MAY77] was employed for detemrination of fluorine. This reaction was 
chosen because of relatively higher value of the reaction cross section(540mb) as 
compared to the other resonances depicted by the element fluorine[MAY77]. Energy 
of the incoming protons was kept at 880keV. The 6.13 to 7.12MeV gamma-ray signal 
was collected by a 127mm x 127mm cylindrical Nal(Tl) detector having energy 
resolution of 68keV FWHM at 662keV. The detector was coupled to the Sun 
computer through normal pulse processing electronics. The data were collected for 
3p.C of integiated charge in approximately 250s duration. Simultaneous RBS spectra 
were also collected on the PDP-11 computer and later transferred to the Sun computer.
5.7 Results and Discussion
Elemental concentr'ations in all the samples were determined both by the 
comparative as well as the absolute(standard less) method. As the samples being 
analyzed were of biological nature, the comparator chosen for certified elemental 
concentrations was Bowen’s kale reference material so that standard and sample 
matrices could match. All the results but for A-8 and P-8 NIST leaves samples were 
corrected for matrix effects. Matiices of the leaves samples were effectively tlie same
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as that of the Bowen’s kale, therefore, corrections being insignificant(<l%) were 
ignored. Moisture content of the leaves samples was also determined by weighing 
them before and after putting them in desiccator for more than 72 hours. Moisture 
content, on weight loss basis, was found to be 0.381% and 0.403% in A-8 and P-8 
respectively. As error due to this is very low the results quoted for elemental 
concentrations are not conected for it. Table 5.1 summarizes the typical detection 
limits obtained under the experimental conditions, for matrices of NIST leaves 
samples (A-8, P-8), IAEA diet samples (FI-9, F2-9, F3-9) and the H/S wheat flour 
sample. Detection limits for flour and diet samples are generally lower than those for 
the leaves samples because in the fomier case sample matrices contain more 
carbon(>60%) and less high Z-number elements like K and Ca. This is in accordance 
with the prediction of the simulation programme discussed in chapter 4.
As one of the prime concerns about a reference material is its homogeneity 
with respect to distribution pattern of elemental concentrations, therefore, level of 
homogeneity of all the materials was assessed. Homogeneity of Bowen’s kale and 
IAEA soil-7, which are well known and widely used reference materials, was first 
detemiined and later the NIST leaves, IAEA diet and H/S wheat flour samples were 
put to the homogeneity test. Results for Bowen’s kale and IAEA soil-7 are presented 
in Table 5.2 which lists the Oy, values for different elements alongwith the errors 
quoted on the reference concentrations[MUR85, PSZ84]. Homogeneity for the 
elements Cl, Rb and Sr in Bowen’s kale could not be detemiined since the value of 
was greater than that of a  in equation Eq.5.7. It is worth mentioning here that the 
mass of the replicate spots analyzed on the sample pellets was 16|lg for Bowen’s kale,
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Table 5.1: Typical detection limits obtained for NIST leaves, 
IAEA diet and H/S wheat flour samples.
Element Detection Limits(ppm)
NIST leaves IAEA diets H/S wheat flour
Cl 563 479 88.6
K 27 18 5.8
Ca 52.1 27.6 17.7
Ti 3.61 1.78 2.6
Mn 1.66 0.84 0.73
Fe 1.94 0.69 0.95
Cu 1.38 0.88 1.13
Zn 1.29 0.88 1.05
Br 2.13 2.3 2.03
Rb 4.18 5.0 5.7
Sr 4.64 2.79 8.6
Table 5.2: Homogeneity levels(O/, values, see text) of Bowen’s kale and 
IAEA soil-7 reference materials for different elements.
Element Bowen’s kale IAEA soil-7
OA(%) EiTor(%)* GA(%) Error(%)*
Cl ---— 12 37.2
K 4.8 6 8.1 5.8®
Ca 2.7 5.4 3.6 5.1®
Ti ---- - --- 6.6 17.5®
Cr ---- 11.5 21
Mn 18.3 18.3 6.1 3.6
Fe 15.5 12 5.2 2.1®
N L r-3' 37.2 27.6®Zn 14.6 8-5 4 5.8
Ga ---- 10.5 18®
Br 9.3 9.3 14.2 53.8®
Rb ---- 10 7.5 8.8
Sr ---- 39 6.5 5.1
Y ---- ---- 21.9 29
Zr ---- ---- 40.7 5.7
Pb ---- ---- 9.0 13
rs taken from reference [ M U R 8 5 J .  (a) .iiTors were not given in [M
and were obtained from standard deviation on mean of two values give 
as range of concentrations in reference [PSZ84].
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leaves, diet and flour samples and 18|ig for soil-7. Both of the reference materials are 
fairly homogeneous even at fig level as is depicted by (5^  values which are comparable 
or less than the quoted errors for most of the elements except for Cu and Zn in 
Bowen’s kale and for Cl, Ni and Zr in soil-7. Visual inspection of the Bowen’s kale 
powder shows a relatively small number of particles of bigger than average size which 
are thought to originate from hard parts of the kale leaves like leaf ribs/veins. 
Inhomogeneity for Zn and Cu in Bowen’s kale may be explained if it is assumed that 
these elements are more associated with leaf ribs/veins. However, inhomogeneity of 
soil-7 for Cl, Ni and Zr could not be explained. One may overcome error due to 
inhomogeneity of these elements in Bowen’s kale and soil-7 if mass of the spot 
probed is increased as has been found by Kojima et al.[KOJ86] that increasing mass 
of the analyte improves the homogeneity. This can be done by increasing the beam 
diameter.
The homogeneity results for IAEA diet, NIST leaves and H/S flour samples 
are listed in Table 5.3. It can be seen that the leaf samples (A-8, P-8) are well 
homogenized at fig level for the detected elements but Fe in A-8 and Cl and Sr in P-8 
for which the mass of the samples may have to be increased. For quite a few elements 
in the leaf samples the homogeneity could no^be estimated since the random error(a^) 
was larger than the standard deviation on the results (a). As most of the elements 
shown in Table 5.3 show very good homogeneity in A-8, it may lead to assume that 
the other elements detected in the sample may also be distributed homogeneously. 
Validity of this assumption may be tested by reducing the random error which may 
be possible if the replicate spectia are collected for a larger value of the integrated
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Table 5.3: Elemental homogeneity of IAEA diet(Fl-9, F2-9, F3-9), 
NIST leaves (A-8, P-8) and H/S wheat flour samples.
Element CJ;,(%) values for various materials
Fl-9 F2-9 F3-9 A-8 P-8 Flour
Cl 9.4 9 17.3 14.6 23.5 ----
K 14.3 7.2 13.6 5.8 1.4 9.6
Ca 14.6 11.5 15.1 5.2 ---- 25.6
Ti 21.3 10 12.4 ---- 10.8 ----
Cr 15.4 15.7 34 ---- ---- 27
Mn 16.6 12 18.2 3 1.6 45
Fe 23.9 30 14.7 52.2 ---- 13.9
Cu 53.9 11.1 14.9 3.4 ---- 12.3
Zn 20.7 7.9 16.2 ---- ---- 12.3
Br 14.5 19.1 15.4 ---- ---- ----
Rb ---- ---- ---- 3.7 ---- ----
Sr ---- ---- ---- ---- 21.5 ----
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charge. The diet samples on the other hand show relatively higher levels of 
inhomogeneity for most of the elements detected. This was expected since the samples 
were in the form of coai'se grains and no further treatment was offered to homogenize 
them. They need to be thoroughly homogenized if they are to be considered as serious 
candidates for human diet reference materials. The elements Cr in F3-9, Fe in Fl-9 
and F2-9 and Cu in Fl-9 show the highest levels of inhomogeneity which may 
prohibit these elements to be certified in the corresponding diet samples. Therefore 
special attention to these elements during homogenization will be required. The H/S 
wheat flour is no better than the diet samples specially for Ca, Cr and Mn which is 
not surprising because the sample was analyzed in the form as it was obtained from 
the market. Needless to say that furtlier homogenization of the sample is required. An 
inter-laboratory intercomparison may then come up with certified elemental 
concentrations in the wheat flour.
In Tables 5.4a and 5.4b the sampling factors for the reference materials under 
investigation are given which show the representative mass of the samples for 
different elements. As has already been mentioned, size of the sample probed at each 
spot is very small(16|Xg for the biological materials and ISjig for soil-7) which is 
dictated by the proton beam energy, diameter and the sample matrix composition. 
Therefore, instead of quoting the sampling factors in units of mass, as is the usual 
case, it was thought more convenient here to quote them in terms of the number of 
spots since there was little flexibility to change the sample mass except by changing 
the beam diameter. Sampling factors for 1% relative error due to subsampling 
uncertainty in a single deteimination is denoted by K .^ Results show that for most of
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the elements has got a veiy high value which may be impracticable. In some 
situations a higher relative subsampling enor may not only be tolerable but be more 
practicable as well. Thus a sampling factor for 5% relative error has also been 
calculated and is denoted by in the Tables 5.4a & 5.4b. It can be seen that Ki is 
too high to be practicable for a large fraction of the elements detected whereas has 
a reasonable value, with a few exceptions, where even higher relative error due to 
subsampling may be acceptable as a practical choice. Two such cases are of Cu and 
Rb in diet sample Fl-9. The value for Cu means that 122 spots of 0.5mm diameter 
need to be probed leading to a 5% relative error. However this is equivalent to eight 
spots of 2mm diameter each which is not difficult to probe on a 7mm diameter pellet. 
However, for Rb the relative error would be just less than 6% even if all of the 
surface of 7mm diameter pellet was scanned. As sampling factors are also indirect 
indicators of homogeneity, it is evident that the apple leaves and peach leaves are the 
best reference materials as far as homogeneity is the criterion. Thus once elemental 
concentrations in A-8 and P-8 are certified, they may provide better alternative to the 
Bowen’s kale.
As the absolute method has also been applied in determining the elemental 
concentrations in the biological materials, it was decided to investigate the method by 
applying it to Bowen’s kale and soil-7, which are the certified reference materials. The 
elemental concentrations thus obtained are compared with the certified ones in Table 
5.5. As the values obtained by the absolute method are from single determinations, the 
error quoted is the precision associated with the individual peak areas. Figure 5.1 
shows the plot of the certified concentrations versus those obtained by the absolute
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Table 5.4a: Sampling factors for IAEA soil-7 from ten 
replicate determinations. The Values given for Kj and are 
the number of spots(~ 18jig each).
Element Ki Ks
Cl 1258 50
K 67 3
Ca 20 1
Ti 47 2
Cr 122 5
Mn 42 2
Fe 33 1
Ni 1210 48
Zn 20 1
Ga 132 5
Br 284 11
Rb 76 3
Sr 35 1
Y 514 21
Zr 1537 61
Pb 110 4
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method(hereafter called the absolute concentrations). It shows that most of the values 
obtained by the absolute method are within 30% of the certified values. It also shows 
that low concentrations are more scattered about the certified values when compared 
with the high concentrations. The absolute concentrations of relatively high Z-number 
elements in Bowen’s kale are over estimated whereas in soil-7 they are slightly under 
estimated. This may be attributed to relatively poor precision and localized areas of 
high inhomogeneity at the sub millimetre scale. Longer irradiation and averaging over 
more than one determination may yield better agreement between the absolute and the 
certified concentrations. The graphical comparison of certified and absolute 
concentrations as a function of Z-number of the elements is shown in Figure 5.2.
Elemental concentrations obtained by the comparative as well as the absolute 
method in diet, leaves and wheat flour samples are given in Tables 5.6 and 5.7. 
Concentrations in the comparative method were determined by comparing the 
elemental signal from the sample with the coiresponding signal from Bowen’s kale 
reference standard (see equation Eq.2.4). Errors quoted with these values are the 
standard deviations on 4 to 6 determinations. The errors on T,, and y^^(equation 
Eq.2.4) are implicitly included in the above mentioned standard deviations because an 
average of 2 to 3 determinations on Bowen’s kale was taken to represent the signal 
from the standard. Errors quoted with the absolute concentrations are the precision 
associated with single determination.
For the diet, leaves and flour samples the absolute concentrations are compared 
with those obtained by the compmative method. The two values thus obtained 
compare very well with each other as can be seen in Table 5.7. However there are few
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Figure 5,1: Certified versus absolute concentration 
in Bowen’s kale and IAEA soil-7,
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Table 5.5: Absolute and certified concentrations(|ig/g) in Bowen’s kale and soil-7.
Element Bowen’s kale IAEA soil-7
Q.r±Er(% ) Qy, ± Er(%) Crcn Range" C.y, ± Er(%)
Cl* 3.56 ± 12 4.8 ± 12.2 ---- —
K* 24.37 ± 6 24.1 ± 0.4 12.1, (11.3-12.7) 11.5 ± 1.1
Ca* 41.06 ± 5.4 38.6 ± 0.2 163, (157-174) 133.7 ± 0.15
Ti* ---- ---- 3, (2.6-3.7) 2.61 ± 0.7
Cr 0.369 ± 27 ---- 60, (49-74) 23.2 ± 7.6
Mn 14.82+ 11 19.7 ± 6.9 631, (604-650) 603 + 1.4
Fe 119.3 ± 12 125.5 ± 2.0 25.7*,(25.2-26.3) 21.5 ±0.18
Ni 0.895 ± 15 ---- 26, (21-37) 30+ 13.3
Cu 4.89 ± 13 5.6 ± 20.2 11, (9-13) 10.3 ± 16.2
Zn 32.29 ± 8.5 41.8 ± 6.1 104, (101-113) 97.2 ± 5.8
As 0.131 ± 34 ---- 13.4, (12.5-14.2) 19.1 ±22.8
Br 24.9 ± 9.9 33.7 ± 10.9 7,(3-10) 7.16 ±34.5
Rb 53.4 ± 10 77.5 ± 13.1 51, (47-56) 37.3 ± 40
Sr 75.7 ± 39 120.7 + 8.9 108, (103-114) 87 ± 14.9
Zr ----------- — 185, (180-201) 168 ± 17.9
Nb ----------- — 12,(7-17) 18.86 ± 29
*  C o n c e n t r a t i o n s  a r e  i n  m g / g .  #  R a n g e  o f  t h e  c o n c e n t r a t i o n s  i n  s o i l - 7 .
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Table 5.8: Certified elemental concentrations(|a.g/g) in A-8 and P-8[BEC91].
Element Apple leaves (A-8) Peach leaves (P-8)
Na 24.4 ± 1.2 24 ± 2
K* 1.61 ± 0.02 2.43 ± 0.03
Ca* 1.53 ± 0.02 1.56 ± 0.02
Fe 82.6 ± 5.0 218 ± 12
Zn 12.5 ± 0.3 17.9 ± 0.4
As® 38 ± 7 60 ± 18
Ba 49 ± 2 124 ± 4
Concentration in percent; (g) Concentration in ng/g.
exceptions like Cl in F2-9, Ca, Fe & Cu in F3-9,Sr in A-8 and P-8 and Cl in wheat 
flour. As the absolute results are from a single determination from a spot of 500p.m 
diameter, there could be high levels of inhomogeneity for these elements giving rise 
to the discrepancies. Such high levels of inhomogeneity on the micron scale for few 
elements were found by Jaksic et al.[JAK91] when analyzing a pellet of IAEA-V-8 
Rye flour reference material. More than ten elements were detected in the diet 
specimens with a confidence level of 99.9% whereas the number of elements detected 
in the leaves and flour samples were ten and eight respectively. Ti is normally not 
expected in diet or leaves samples however, it was detected in both the leaves and two 
of the diet specimens. Initially its presence in the samples was suspected due to 
contamination while preparing the pellets but its absence from Bowen’s kale and flour
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sample pellets, which were made at the same time ruled out this possibility. The 
element might have been introduced during preparation of the bulk materials at NIST 
and IAEA laboratories like Cr which was intioduced in the calcined animal bone while 
it was prepared[ANA74]. As Ti is not detected in the Bowen’s kale sample, its 
concentration was calculated by comparing with Fe concentration in Bowen’s kale.
As can be seen in Table 5.6 most of the elemental concentrations in the three 
IAEA diet samples are comparable to those found in the certified reference materials 
for example USDIET1[W0I88], IAEA mixed human diet H-9[CHA88], mixed diet 
NBS RM-1831[CHA88, SEW88] and Taiwanese diet THSF(winter sample)[LIU91]. 
Similarly the elemental concentrations in peach leaves and wheat flour samples are in 
good agreement with the published results for peach leaves[SHU84] and the wheat 
flour NBS-SRM-1567[MUR85] respectively(see Table 5.7). The certified elemental 
concentrations in apple and peach leaves are listed in table 5.8[BEC91]. The 
concentration values for K, Ca, Fe and Zn compare very well with the certified values. 
This means that these materials(IAEA diet samples and H/S wheat flour sample) can 
make good biological reference materials for quite a number of elements once their 
elemental concentrations are certified by laboratory intercomparisons and subsequent 
evaluation.
Fluorine concentration in the diet samples was determined by the PIGE 
analysis, described in detail in the next chapter. The fluorine concentration in the diet 
samples was determined by comparing the fluorine signal from the diet specimens 
with that obtained from IAEA animal bone(IAEA-H-5) reference standard, both 
normalized to unit charge. The signal was taken as the background corrected counts
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in the energy window between 5.525 and 7.5MeV, covering the gamma-rays of energy 
6.13, 6.69 and 7.12MeV. The background was obtained by taking the average of the 
counts in the same window as above, once with the beam falling on the beam stop and 
once the beam falling on the target plate away from the samples. Both backgrounds 
were comparable. The reference concentration of fluorine in the animal bone was 
taken as 440 ± 50|ig/g[PRZ86]. Results for fluorine concentration in diet samples FT9 
and F2-9 are given in Table 5.9. The pellet of diet sample F3-9 was broken before the 
analysis was undertaken that is why its fluorine content is not given. Detection limit 
under the experimental conditions was determined as 15|lg/g of fluorine. The errors 
quoted with the results are the standard deviations for five determinations. Due to low 
concentration of fluorine in the diet samples precision for its determination in the 
samples was very poor and was estimated as 56% whereas in the animal bone it was 
6% under the same irradiation conditions. Apart from the low concentration of fluorine 
in the diet samples, another reason for poor precision and detection limit is the low 
value of integrated charge. Longer iiTadiation resulting in higher integrated charge is 
thought to lead to better detection limit since these aie inversely proportional to the 
squai’e root of the collected charge. A detection limit of 0.96ppm of fluorine for 
lOOOp-C of charge, using the same gamma-ray signal, has been quoted in the literature 
[CLA75]. This is unacceptable for practical purposes as 27 hours of irradiation at 
lOnA beam current are required to achieve it. A more reasonable collected charge of 
30|iC may yield a detection limit of about 5|j.g/g and also improve the precision. 
Fluorine concentration in diet specimens F I-9 and F2-9 are comparable with those 
obtained by cyclic INAA[FAR91a, FAR91b] as they are within the quoted enor bars.
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Table 5.9: Fluorine concentration(ppm) in IAEA diet samples Fl-9 and F2-9.
Diet specimen This work [FAR91a, FAR91b]
Fl-9 21.3 ± 5 17 ± 6
F2-9 17.2 ± 4.3 22 + 7
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ANALYSIS OF HUMAN TEETH SAMPLES 
FOR FLUORINE AND OTHER ELEMENTS
6.1 Introduction
The importance of fluorine for teeth health is now a well documented fact. The 
first such evidence followed McKay’s observation of mottled enamel in 1901[MCK16] 
when Churchill[CHU31] and Ainsworth[AIN33] separately established that not only 
the mottling but also low prevalence of dental caries was caused by excessive fluoride 
in the drinking water. This marked the onset of interest into ± e study of fluorine 
intake levels, fluorine content of teeth and related effects.
The main source of fluorine in the human body is solid foods and watery 
drinks. It has been shown by Burt et al[BUR73] and Jenkins[IEN75] that solid food 
is responsible for 0.5 to Img of fluoride intake per day in Britain. Among items of 
diet, tea leaves have got the highest content of fluorine, about 200ppm[WH070], and 
according to a recent study by Chinese scientists it is as high as 406ppm in some 
brands [LIA87]. Once entered in the body it is absorbed into the body fluids reaching 
to a peak level in blood plasma one hour after oral intake [CAR60]. Gabier showed 
that a limited quantity of fluoride is also absorbed via oral mucosa[GAB68]. 
Considerable quantities of fluoride can also be absorbed from the stomach[WHI84]. 
Absorption through the gastro-intestinal tract is maximal[WHI82]. Figure 6.1 shows 
the schematics of fluoride balance in the body[WHI90].
Fluorine is now thought an essential element due to its effects on bones and
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teeth. About 95% of the element in the human body is associated with the hard tissues 
namely bones and teeth[ZIP73]. Fluorine is understood to replace the hydroxyl ion in 
the hydroxy apatite molecules, which compose the bone/teeth matrix, thereby making 
fluorapatite via the following reaction.
Ca,,(PO,\{OH)^ + 2F- ^  C a„(F O ,)/, + 20H -  (Eq.6.1)
Early formation of fluorapatite takes place during teeth development. Incorporation of 
fluorine in the teeth continues during the whole life through fluoride applications, 
mostly in the form of dentifrices. The mechanism responsible for this absorption is 
thought to be ion exchange and diffusion[KID87].
To study the cause-effect relationship between fluorine intake and teeth health 
and the related factors affecting it, not only monitoring of the fluorine intake levels 
is required but also analysis of teeth samples for fluorine concentration is needed. One 
of the earliest accounts of such analysis of human teeth enamel is by Isaac et 
al[ISA58] whereby it was shown that increased level of fluorine in drinking water 
resulted in higher fluorine concentration in the enamel. It might be interesting to 
mention here that analysis of teeth samples has also been suggested for biological 
monitoring of calcified tissues because of the ease involved in obtaining the samples 
as compared to human bone[ARY79]. During the last one and a half or two decades 
the amount of work done on the topic has increased. However, most of the efforts 
have been centred on the analysis of the outer few or few tens of microns of teeth 
enamel or cementum layers[LIN80, ZSC90, SVA84a, CHA84]. Fluorine and other 
trace elements are not only present in the outer layers of enamel but are also present 
throughout the dental tissues. Presence of these inorganic constituents may affect the
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Figure 6.1: Diagram showing fluorine balance in the human body[WH190].
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lattice energy, integrity or reactivity of the dental tissues. For example presence of 
fluorine is known to reduce solubility of hydroxyapatite and hence the chances of 
dental caries[ZIP73, SIL84]. Similarly magnesium, copper and zinc are thought to be 
involved in actual formation of bone, teeth and skeleton[ZIP73, ASL63]. To develop 
more understanding of the role, effect and mechanism of action of these and other 
trace elements on teeth, need for further and more sensitive analysis cannok be 
denied. Use of a proton probe is an excellent choice for the purpose as it can facilitate 
simultaneous determination of fluorine and other trace elements in the teeth samples 
with high sensitivity.
In the present work simultaneous PIXE and PIGE techniques were employed 
for analysis of eight teeth samples taken from eight different individuals. RBS spectra 
of enamel and dentine were also obtained for matrix corrections.
6.2 Structure of Teeth
Among the mineralized tissues, tooth has got a specialized form. It is 
composed of four main types of tissues three of which are calcified. Among the 
calcified ones are dental enamel, dentine and dental cement whereas the fourth one is 
a special kind of connective tissue called pulp. A longitudinal cross sectional view of 
a human premolar tooth is shown in figure 6.2 where all the four tissues can be seen 
clearly. The pulp being responsible for sensory and nutritional supply is the life line 
of the tooth. It is quite delicate and is therefore, located in a central cavity surrounded 
by the dentine to protect it. The hidden part of the tooth in the gums is called root 
whereas that exposed in the mouth is known as crown.
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Figure 6.2: Longitudinal cross section of human premolar tooth.
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The bulk of the tooth is formed by the dentine which also translates its basic 
shape. In the root it is covered by a thin layer of cement and in the crown by the 
enamel. The dentine is yellowish in colour, harder than any other bone, as well as 
dental cement. Formation of the dentine continues throughout life but it is unable to 
restore any loss of its substance. Enamel is the hardest and the most calcified tissue 
in the body so as to withstand the wear motions of mastication. It is unique in the 
sense that after maturation it is cut off from the sensory or the nutritional supply line 
and in that respect is dead. However it is not totally inert and can absorb ions from 
saliva and dental implants through physio-chemical mechanisms. The bulk of both the 
enamel and the dentine are made up of hydroxyapatite crystals having the chemical 
formula CaiQ(P04)^(0 H)2. Dimensions of hydroxyapatite crystal are much larger in the 
enamel than in the dentine[SC082].
6.3 Teeth Specimens and Sample Preparation
The teeth specimens were collected from eight healthy subjects(except one who 
was bronchitic) of different age groups at a dental clinic in South East London, it was 
mere chance that all but one of the individuals were females. Five out of the eight 
patients had periodontal disease, two had decayed teeth due to caries while another 
was having both problems together. All of them were suffering from toothache at the 
time the samples were extiacted. None of the patients was under any medication. 
Detail of the samples is given in Table 6.1.
After extraction the samples were wrapped in tissue paper, sealed in 
polyethylene bags and brought to the University where they were placed in a sample
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Table 6.1: Details of the teeth samples.
S. No. Individual Age(Yrs) Sex Location in jaw Remarks/Disease
1. TI 45 F Second mcisor/ÜR2 Chronic periodontal
2. T2 47 M Third molar/wisdom/ 
UR8
Careousy^riodontal
3, T3 66 F Canine/LL3 Periodontal/Smoker 
and bronchitic
4. T4 24 F First molar/LL6 Periodontal/broken 
tooth/amalgum filling
5. T5 71 F First molar/LR6 Periodontal
6. T6 62 F Second moIar/LR7 Chronic periodontal
7. T7 18 F Third molar/LRS Dental decay/ 
temporary filling
8. T8 39 F Canine/LL3 Dental decay/ 
vegetarian
LL: Lower left; LR: Lower right; UR: Upper right
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storage fridge before prepai'ation of the target plate. To thoroughly clean the samples 
they were bathed in 1.5% Milton-2 sterilizing solution for two hours and then washed 
in the same solution with the help of a pre-cleaned plastic brush. Afterwards the 
samples were washed three times in de-ionized water and placed on tissue paper in 
a covered plastic tray and left overnight for drying. A two mm thick slice was cut 
from each tooth providing a longitudinal cross section of the teeth samples. The 
cutting was done with a diamond saw. The blade of the saw was cleaned first by 
acetone and then in deionized water before cutting started. A flow of deionized water 
was used to cool the blade and the samples during the cutting process. Cutting speed 
was kept relatively slow to get a smooth surface. Figure 6.3 shows an electron 
micrograph of the cut surface. To check for any contamination caused by the blade 
the very first sample cut was a piece of perspex which acted as the control sample. 
After cutting was complete all the samples and control were cleaned in the deionized 
water and dried in the same way as explained earlier. The samples were then mounted 
on aluminium backing plate using double sided adhesive tape. A 5mm diameter and 
1mm thick pellet each of IAEA calcined animal bone reference material(IAEA A-1/3) 
and analytical grade calcium fluoride were also prepared and mounted on the target 
plate along with the samples. The calcined animal bone reference standard was 
required for determination of elemental concentrations using the comparative method 
whereas calcium fluoride was meant for adjusting the proton beam energy. The sample 
plate was placed in a desiccator for 24 hours to remove any water content picked up 
by the samples during washing. Samples were finally carbon coated for the purpose 
as explained in the previous chapters.
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6.4 Experimental Method
The sample plate was loaded in the vacuum target chamber for proton 
bombardment and was kept perpendicular to the direction of incident beam. The 
chamber was then evacuated to ~10‘® torr. For determination of fluorine in the samples 
one of the proton induced resonance reactions needs to be employed. There are a 
number of (p,ay) and (p,y) resonances in fluorine at various incident proton energies 
as listed in Table 6.2. Due to the highest reaction cross section the reaction 
^^F(p,ajy^O at 872 keV proton energy was chosen for analysis of fluorine in the 
samples. This resonance yields a group of gamma-rays of energies 6.13, 6.92 and 7.12 
MeV.
6.4.1 Setting-up the Beam Energy
Proton resonances in fluorine are normally used to calibrate the Van de Graaff 
accelerator for beam energy. This calibration provides a direct relationship between 
the proton energy and magnetic flux density(MFD), in Gauss(10'* Tesla). It is the 
MFD reading which is directly adjusted and provides a measure of the proton energy. 
To locate the fluorine resonance at 872keV, the proton beam was focused(500jLim 
diameter) on the calcium fluoride target and MFD was increased in steps of 2 Gauss 
and the corresponding proton energy obtained from the previous calibration was noted 
down. This set of data was used to plot proton energy versus Gauss. Tlie graph thus 
obtained is shown in figure 6.4 the slope of which gives the calibration factor. Gamma 
ray yield per unit charge was measured at each MFD reading which is plotted in 
figure 6.5 as a function of MFD(Gauss). The curve thus obtained shows the integration
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Table 6.2: List of (p,ayj & (p,j) resonances in fluorine[MAY77]
Proton energy(KeV) Resonance reaction y-ray energy(MeV) a(mb)
224 ‘^ F(p,ay)“0 6.13, 6.92, 7.12 -0.2
340 '^F(p,ay)‘^ 0 6.13, 6.92, 7.12 160
848 ‘’F(p,ay)'-0 6.13, 6.92, 7.12 -32
597 ‘^ F(p,ay)‘-0 6.13, 6.92, 7.12 7.1
672 ‘^ F(p,ay)“0 6.13, 6.92, 7.12 57
672 ‘^ F(p,yfNe 1.63, 11.88 0.5
780 '^F(p,ay)“0 6.13, 6.92, 7.12 Not known
835 ‘^ F(p,ay)“0 6.13, 6.92, 7.12 19
872 '’F(p,ay)‘-0 6.13, 6.92, 7.12 540
902 ‘^ F(p,ay)‘‘0 6.13, 6.92, 7.12 23
935 ‘^F(p,ay)“0 6.13, 6.92, 7.12 180
1090 ‘^F(p,ay)‘^ 0 6.13, 6.92, 7.12 -13
1090 ‘^ F(p,yfNe 1.63, 8.84,12.28 -0.05
1140 ‘^ F(p,ayfO 6.13, 6.92, 7.12 15
1189 ‘^ F(p,ay)'‘0 6.13, 6.92, 7.12 19
1283 ‘^ F(p,ayŸ^O 6.13, 6.92, 7.12 29
1348 '^F(p,ay)‘^ 0 6.13, 6.92, 7.12 89
1375 ‘^ F(p,ay)“0 6.13, 6.92, 7.12 300
1691 ‘^F(p,ay)‘^ 0 6.13, 6.92, 7.12 Not known
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of fluorine resonance. Hence the differential graph obtained by subtracting the 
successive gamma-ray yield signals generates the fluorine resonance curve and is 
shown in figure 6.6. The fitted curve peaked at 873keV with a Full Width at Half 
Maximum(FWHM) equal to 5.5keV. The literature values for the resonance energy 
and FWHM of the corresponding resonance peak are 872keV and 4.5keV 
respectively[MAY77]. The measured and literature values compare well with each 
other.
6.4.2 Proton Irradiation of Samples and Data Collection
The teeth samples were mounted on the target plate in such a way that lateral 
movement of the plate was along the length of the samples. The specimens were 
probed at various points along their length; on the enamel, the enamel-dentine 
junction(EDJ) and the dentine, as shown in figure 6.7. Each point was bombarded with 
the ion beam for an integrated charge of 5 to 7p.C at a nominal current in the range 
of 10 to 12nA. The samples were analyzed at eight different points; three on the 
enamel, one on the EDJ and four on the dentine. There were few samples on which 
it was not possible to have eight points in a line where less number of spots were 
probed. The gamma-rays emitted by fluorine, strictly speaking the compound nucleus 
®^Ne* is produced through resonance absorption of protons by ^^ F nucleus which 
promptly decays to ^®0*(in an excited state) by emission of cc-particles. The 
nucleus then emits the 6.13 to 7.12 MeV prompt gamma-rays which are collected by 
a 127mm diameter by 127mm NaI(Tl) scintillation detector. The big scintillation 
crystal was employed because of its superior detection efficiency as compared to that
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Figure 6.3: Scanning electron micrograph of cut surface of a 
tooth showing enamel and dentine interface.
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Figure 6.5: Integral curve of fluorine resonance at 872KeV.
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Figure 6.7: Schematics of sampling points on a tooth section.
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of the semiconductor detectors available. Although it has the disadvantage of poor 
energy resolution however, this was not a serious set back as the 6.13 to 7.12MeV 
gamma ray signal was in the high energy end of the spectrum and was interference 
free. After passing through the conventional amplifying and pulse processing 
electronics, the pulse train from the detector was fed to the PDP-11 computer on 
which data were sorted into 512 channels and stored on 8" floppy disc as individual 
files. These data files were later transferred to the SUN computer. Simultaneous 
collection of PIXE data was made possible by channelling the Si(Li) detector output 
to the SUN computer system. PIGE and PIXE data collection was manually 
synchronized with a time error of not more than 5 seconds. As the proton beam 
energy was less than IMeV, it was decided to use the 100|Lim thick mylar x-ray filter 
which resulted in dead time less than 6%. Three PIGE as well as PIXE spectra were 
also collected from the IAEA calcined animal bone so that an average signal for each 
element detected in the reference material could be derived. Scintillation detector 
background was taken with the beam falling on the target plate away from the 
samples. Representative RBS spectra for the enamel, the dentine and the calcined 
animal bone were collected in a separate experiment.
6.5 Results and Discussion
Combined use of PIXE and PIGE analysis techniques made detection of 11 
elements in the teeth samples possible. Among the elements detected in all samples 
were F, P, S, Cl, Ca, V, Cr, Mn, Fe, Co, and Zn whereas Ni, Cu, Ti, Se and K were 
occasionally detected. Concentrations of the elements F, P, Ca, Cr, Mn, Fe and Zn
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were determined by the comparative method in which the certified elemental 
concentrations of Cr, Mn, Fe and Zn in the IAEA calcined ainmal bone were used 
[GOR74]. The reference concentrations for P and Ca in the calcined animal bone were 
assumed as the average of two independent RBS determinations of these elements in 
the reference material; one by Altaf[ALT89] and the other in the present work, as 
given in Table 6.3. Concentration of fluorine in the calcined animal bone was taken 
as 566 ± 20p.g/g, from the work of Kerr and Spyrou[KER78]. Concentrations of the 
remaining elements detected in the teeth samples were determined by the absolute 
method(see chapter 5 for absolute method). Typical detection limits for various 
elements detected in the teeth samples are listed in Table 6.4. The detection limits are 
relatively high because the incident beam energy was only 890keV(see chapter 4). 
Elemental concentrations in the teeth samples are given in Tables 6.5 to 6.12. The 
concentration of Mn was found to be above detection limit in only one determination 
on the IAEA calcined animal bone. Therefore, the error on Mn values in Tables 6.5 
to 6.12 was obtained from the relative error on its reference concentration in the 
calcined aninmal bone and the error on the Mn peak areas in the standard and sample. 
Error on concentrations of other elements detected is the standard deviation on two 
to three determinations unless otherwise mentioned. None of the elements was 
detected in the control sample(the perspex piece) which indicated that either there was 
no contamination from the diamond saw blade or it was below the detection limits. 
Concentrations of two major (matrix) elements namely Ca and P, follow a well defined 
pattern in all the teeth samples analyzed. Concentrations of both the elements are 
higher in the enamel as compared to that in the corresponding dentine. This is in
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Table 63: Concentrations of C, O, P and Ca in the IAEA Calcined animal bone
as determined by the RBS.
Element Concentration(%)
This work Altaf[ALT89]‘
C 5.5 ± 0.6 ---
O 36.61 ± 1.35 38,10
P 21.28 ± 1.6 21.09
Ca 36.61 ± 1.78 40.82
Errors were not quoted in the reference.
Table 6,4: Detection limits in the teeth samples.
Element Detection limits(ppm)
F 19
P 1220
S 867
Cl 84.9
Ca 213.7
V 19.4
Cr 13.9
Mn 15.5
Fe 20.2
Co 24.5
Zn 69.5
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accordance with an earlier study for healthy teeth by Cohen et al.[C0H81] and 
supports the fact that the enamel is the highly calcified tissue[ZIP73]. Although the 
concentrations of both of the elements vary from sample to sample and from enamel 
to dentine in the same sample, the Ca/P ratio stays quite close to a constant value. 
This ratio is about 1.82 except in the case of TI at spot D1 where it jumps to 2.77. 
For comparison, the theoretical value of Ca/P ratio, based on the hydroxyapatite 
formula, is 2.15. Similar Ca/P ratios for human teeth have already been 
quoted[CRA83]. The constant Ca/P ratio for all the samples and spots implies that it 
was justified to assume a common matrix for all the samples for the purpose of matrix 
corrections. It also indicates that in both the healthy and diseased teeth at all the ages 
have a balance in the Ca and P concentrations. The concentrations of Ca and P as 
determined in the present work are in the range quoted in the literature[ARY79, 
CRA83] except in the dentine of sample TI where it falls below the values normally 
quoted for healthy teeth[ARY79]. This particular individual was suffering from 
chronic periodontal disease however, another tooth, T6, from a subject who was also 
suffering from the same disease did not show low Ca and P concentrations in its 
dentine. This difference may be due to the position of the teeth in the jaw; TI being 
an incisor while T6 was a molar tooth.
Two other major elements invaiiably detected in all the determinations are S 
and Cl. The S concentration does not follow the same pattern as that of Ca or P, thus 
the Ca/S ratio does not stay constant. This implies that S is not pait of the chemical 
formula of the matrix. However, its invariable presence at percent level may indicate 
that somehow it is associated with the crystalline structure of the matrix; perhaps
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sulphate ions taking the place of the phosphate ions. The concentration of Cl remains 
higher in the enamel than in the corresponding dentine in all samples but T4. This is 
in accordance with earlier reported work by Besic et al.[BES70]. When the Ca/Cl ratio 
was taken it was found that the ratio remains higher in the dentine than in the enamel 
except in the case of T4 where it behaves the other way round. This also indicates the 
presence of relatively more Cl in the enamel than in the dentine. Such distribution of 
Cl suggests that most of the Cl is, perhaps, taken up by the dental tissue during its 
early formation because otherwise dentine might have had higher concentration of Cl 
than that of the enamel at higher age. Although one may infer that Cl, being a 
halogen, is incorporated into the teeth in a similar fashion as F, the exact nature of its 
clinical effects on teeth are still to be known and may need further investigation from 
the histological and clinical view point.
Fluorine is found at relatively lower concentration in the enamel than in the 
dentine of all the samples but T4 and T8. These two samples have a similar 
distribution pattern for F concentration which gradually decreases from the enamel 
towards the dentine. Samples T3 and T6 on the other hand show a F distribution 
which is the reverse to that found in samples T4 and T8. The remaining four samples 
do not show any regular pattern for F concentration which is randomly distributed. 
Due to inadequate history of the subjects it is difficult to explain the above behaviour 
of F in various teeth therefore, it was decided to take the average of the F 
concentration in the enamel and the dentine of each sample and see whether any 
information could be deduced. The average F concentrations thus obtained in the 
enamel and the dentine of each sample is shown in Table 6.13. The F concentrations
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follow an age dependent pattern. Subjects up to 39 years of age seemed to have higher 
average F concentration in the enamel than in the corresponding dentine whereas teeth 
from the subjects of age higher than 39 years showed an opposite trend for F 
concentration. This can be explained by the fact that the enamel cannot take trace 
elements from the body fluids after eruption or maturation( only the outer few or few 
tens of microns can take fluorine and other ions from fluids in the mouth) whereas the 
dentine continues to be influenced from the internal trace element environment of the 
human body and gets supply of the elements throughout life. Therefore, the dentine 
can accumulate more fluorine with age thereby exceeding the average fluorine level 
in the corresponding enamel at higher age. This has been observed in the present study 
and is supported by an early study by Jackson and Wiedmann[JAC59] who found 
similar age dependent pattern of F concentration. The sample T8 from 39 years old 
subject logically seems to have grouped into the higher age whereas it falls into lower 
age category, as for as fluorine concentrations are concerned. This clearly indicates 
that either the individual had been at very low F diet or absorption of F in the dentine 
had been restricted. It was noted that the very same subject was a vegetarian and 
vegetables (specially leafy and green vegetables) are the richest source of 
magnesium[VER72] because magnesium is a component of chlorophyll[EMM89]. This 
implies that the subject may have been at high magnesium intake level. The high 
magnesium intake has been shown to reduce bone F uptake[GRI63]. Therefore, low 
fluorine in the dentine than in the enamel at a higher age and being a vegetarian might 
perhaps be linked together. The lowest fluorine content was found in the careous 
teeth(T2 and T7) which is quite understandable. However, the exception of T8 could
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Table 6.13: Average concentration of fluorine in the enamel and dentine of teeth 
samples from various individuals showing an age related behaviour. Error 
on the mean is omitted which is the range of concentration and 
can be seen in the Tables from 6.5 to 6.12.
Individual Age(Yrs) Average fluorine concentration (ppm)
Enamel EDI Dentine
T7 18 83.3 45 76.5
T4 24 800 947 552
T8 39 270.7 206 205
T1 45 84 103 104
T2 47 BDL 28 69
T6 62 81 93 238
T3 66 165 164 391
T5 71 144 224 194
BDL Below detection limit.
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not be explained. The highest F content was found in the first molar tooth from a 24 
years old subject(T4). The individual might have been at high F intake however, it 
was not possible to confirm it. Nagaki et al.[NAK87] analyzed premolar teeth of 20 
subjects from an area in Japan where F in the drinking water was at a level 
of<0.1ppm. The average F concentration in the enamel and the dentine as obtained 
from their graphical presentations are 333 and 500ppm respectively. When these are 
compared to the coiresponding values obtained in our study it is indicated that teeth 
from all the subjects except T4, have lower F concentrations than quoted above 
whereas the F content in the local water supply was found to be 0.15ppm[THA91]. 
This may be due to presence of some other element(s) acting antagonistically to F, 
which needs to be investigated. Also, it has been suggested that F concentrations 
above 250ppm in teeth are needed to affect damage due to bacterial growth[BIB40]. 
As most of the teeth analyzed in the present study showed lower F level than 250ppm 
this indicates that these teeth had been vulnerable to bacterial attack.
Zinc was detected in most of the determinations with the highest Zn 
concentrations found in sample T4(see Table 6.8). Such high concentration of Zn is 
thought to be due to contamination from the amalgum filling which was in place when 
the sample was cut, since dental amalgum is usually composed of Hg, Ag, Sn, Cu, Zn, 
In and Pe|[WEI90] in which Hg is about 50%[ESP82]. However, Hg could not be 
detected in T4 because L-ionization cross section of Hg is more than 100 times less 
than the K-ionization cross section of Zn at 900keV proton energy[COH85] whereas 
in the present experiment the incident proton energy was even below 900keV which 
would make this difference of cross section even bigger. The contaminants Ag, In and
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Sn were not detected because of similar reason. Copper was detected at only two spots 
on the dentine of T4(as contaminant) with concentrations 121 and 204ppm. Excluding 
the spots where Zn was below the detection limit, a coarse distribution pattern of its 
concentration along the length of the teeth is observed. Its concentration decreases in 
the enamel as one moves towards the EDI after which it increases in the dentine. This 
supports an earlier similar observation by Brudevold et al.[BRU63]. Significance of 
this distribution may be unfolded if early mineralization process in teeth is studied 
with reference to Zn, since most of Zn in the teeth is thought to be incorporated 
before eruption[BRU63]. The elements V, Cr, Mn, Fe and Co were detected with 
varying concentrations. Among them Fe and Mn were found within the range quoted 
where in literature[C0H81, LOS74] but Cr, V and Co were at slightly higher 
concentration than their quoted range which is; 10-35ppm for V, 20-40ppm for 
Cr[COH81] and 0.6-30ppm for Co[LOS74]. Presence of Mn, Cr and Co at almost 
consistent amounts in every tooth was observed. However, their significance was not 
established.
Although it is quite controversial to say but animal experiments suggest that 
V is an essential element[NIE76]. It is found at very low concentrations in body fluids 
and skeletal muscle and seems to be predominantly accumulated in hard tissues as is 
evident from compiled data for trace elements in human tissues [I YE7 8] and from V 
concentrations found in teeth samples during the present study. Its presence in teeth 
samples at the levels detected in the present work suggests that it may be involved in 
bone and teeth formation. Such conclusion was also drawn by Nielsen[NIE76] who 
suggested that its function was catalytic or enzymatic in nature. The idea is also
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supported by the study made by Soremark et al.[SOR62] who found that radioactive 
V was accumulated at the highest concentrations in rapidly mineralizing areas of bone 
and dentine when subcutaneously injected into young rats. Although most of the teeth 
samples analyzed in the present work had periodontal disease, it was not possible to 
establish any relation between trace element content of the bulk teeth material and the 
disease. Perhaps, it is only the outer layer of the dental root which shows any such 
relation as has been indicated in a study by Crawford et al[CRA83] which suggests 
higher F uptake by the outer layers of the dental roots having the disease.
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TRACE ELEMENTS IN 
SICKLE CELL DISEASE
7.1 Introduction
Sickle cell disease is a chronic, hereditary blood disease which is normally 
found in tropical Africa, Mediterranean region and with a lower frequency in some 
other Third World countries like India and Pakistan. However, population groups in 
some of the developed countries are also affected by the disease for example, 
according to Hurtig[HUR86] more than 50,000 individuals(all of them Negroes) in the 
United States have got sickle cell disease. Geographical distribution of the disease is 
found to be directly correlated with the occurance of malaria in the world and it has 
been postulated that sickle cell trait(explained later) protects against death from 
falciparum malaria[ALL61]. In this disease red blood cells change from their normal 
shape to a double edged elongated form which may look like a crescent shape, thus 
having the name "sickle cell" and the disease so called, the sickle cell disease. 
Destruction of these cells leads to anaemia known as sickle cell anaemia and 
coagulation of the cells may block capillaries resulting in episodes of pains, the 
condition known as "crises".
The sickling phenomenon was, for the first time, observed by Herrick in the 
United States, in 1910, in a case of severe anaemia[HER10] and later in 1917 the 
process responsible for this was described by Emmel[EMM17]. Further, in 1923, Huck 
established the fact that the disease is inherited[HUC23] which was followed, four
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years later, by Hahn and Gillespie’s discovery in which they demonstrated its 
relationship to the deoxygenation state of red blood cells [HAH27]. It was not until 
1949 when Pauling and his co-workers found that the disease was caused by the 
existence of an abnormal haemoglobin[PAU49], now known as Hb-S. Among attempts 
to treat the disease, mineral supplements have been shown to produce encouraging 
results, like Zn supplementation as studied by Brewer et al.[BRE77] and 
Prasad[PRA81]. Any such treatment requires knowledge of trace elements in blood of 
normal and sickle cell disease subjects. Thus interest in trace element analysis of 
blood in sickle cell disease has been shown during last two decades leading to a 
number of published papers[EAT73, PRA75, OLA75, OLU81].
In this chapter, trace element analysis of blood among a Nigerian population 
with particular reference to sickle cell disease is being presented. The work being 
presented here is part of the ‘Environmental monitoring and health impact assessment 
programme’ set-up between European Economic Community (EEC) and Nigeria. The 
programme is coordinated by Professor A. F. 01uwole(Obafemi Awolowo University 
Nigeria), Professor A. Voss (University of Stuttgart Germany) and Dr. N. M. 
Spyrou(University of Surrey UK). It is signed under the Lome EH agreement between 
the EEC and African, Caribbean and Pacific(ACP) states, aimed at providing aid to 
the ACP countries in research and development through exchange of academic staff 
and researchers.
7.2 Haemoglobin and Sickle Cell Disease
The haemoglobin molecule resembles a spheroid shape having a molecular
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weight of about 65000 and consists of four polypeptide chains with two pairs of 
identical chains known as a- and p-chains. Synthesis of abnormal P-chain, the p®- 
chain, gives rise to formation of Hb-S. The sickle cell disease manifests itself in the 
adults with homozygous occurrence of Hb-S, that is contributed from both the parents, 
and is denoted by SS in this chapter. The disease is not present at birth because of the 
presence of fetal haemoglobin, Hb-F, and appears 3-6 months after birth when y- 
chain(Hb-F) synthesis is replaced by p-chain synthesis giving rise to Hb-S[HUE74]. 
The heterozygous presence of Hb-S results in the sickle cell trait in which 
haemoglobin Hb-S and Hb-A are both present and such cases are denoted by AS in 
the text. No sickling is observed in AS individuals and it has been postulated that the 
sickle cell trait protects against malaria[MOT64]. The heterozygous presence of Hb-S 
with equal proportions of Hb-C, although its occurence is relatively rare, can cause 
significant in vivo sickling of red blood cells(RBC’s)[BAL82]. Normal subjects do not 
carry Hb-S and are homozygous in Hb-A, thus denoted by AA. The symptoms of the 
sickle cell disease include elongated spleen in infants, relatively low body weight and 
long limbs which is thought to be caused by late closure of epiphysis[SER73]. 
Appearance of leg ulcers may also be found in SS patients. Among complications of 
the disease are the painful crises[DIG65], mostly affecting joints, back and extremities, 
leg ulcers and occurrence of large infarcts commonly affecting spleen but can be 
found in bones as well[MID66]. Figure 7.1 shows the distribution of Hb-S[ALL61] 
which indicates its predominance in Africa and to a lesser extent in the regions of 
Mediterranean, Southern Arabia, and in parts of India and Iran, with 10-15% of the 
population being affected in Nigeria. According to Thompson[TH077] the affected
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Nigerian population is as high as 20%.
7.3 Blood, Trace Elements and Disease
All the nutrients as well as toxic elements entering into the human system via 
either ingestion or inhalation pass through the blood stream before these are absorbed 
into specific body organs or excreted through urine or sweat. Therefore, the trace 
element picture of blood gives a good indication of metabolism of the elements which 
may look different in state of health and disease. Therefore, analysis of blood(along 
with some other tissues if deemed necessary) for trace element studies in diseased 
subjects is very important and becomes even more valid medium of analysis if the 
pertinent disease has got its roots in the blood itself like sickle cell disease.
Interest in trace element analysis of blood in various diseases has been shown 
in past. Akanle et al[AKA87] analysed blood and its components of senile demented 
and depressives together with controls in a Welsh population and found higher A1 
levels in erythrocytes and lower Zn levels in erythrocytes and plasma among the senile 
demented group whereas higher V content was indicated in the depressives relative 
to controls. Oster et al.[OST89] analyzed blood together with heart tissue for elements 
Se, Zn, Cu, Fe, Mg and K in the case of coronary heart disease. Beck and co-workers 
analyzed sera samples for trace element levels in HIV-infected subjects[BEC90] and 
found elevated levels of Ca, Cu and Fe and depressed levels of P and Se in such 
subjects. Similarly Kapu et al.[KAP76] and Karayalcin et al.[KAR74] analyzed blood 
plasma for Zn in sickle cell anaemia. Natto et al.[NAT90] analyzed plasma and whole
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Figure 7.1: Geographical distribution of Hb-S.
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blood in sickle cell anaemia for Se and found significantly low levels of the element 
as compared to the controls. In the present study blood and its components for trace 
element levels in sickle cell disease were analyzed in order to study any differences 
in elemental concentrations between diseased and control groups.
7.4 Collectioii of Blood Samples and Target Preparation
Collection of samples of biological materials is a very crucial part of the whole 
analysis because of the risk of extraneous contamination from surgical tools or 
puncture needles and blood being a biological fluid is not an exception. Collection of 
blood samples by pricking of skin is now largely abandoned because of increased risk 
of contamination as indicated by Papavasiliou and Gotzias[PAP61]. The most widely 
used method of extracting blood samples is venipuncture whereby a needle(mostly 
metallic) fixed to a syringe is used for the purpose. The needles most commonly used 
for venipuncture are made of stainless steel however, concern has been expressed 
about possible contamination of blood samples by release of elements like Fe, Cr, Ni, 
Co and Mn from the needle material into the sample. This problem was investigated 
by Versiek and Speecke[VER72] and Speecke et al[SPE76] who used neutron 
activated disposable stainless steel needles to collect the blood samples and measured 
the activity of the collected samples introduced by the needles. They could detect the 
elements Fe, Zn, Cu, Mn, Cr, Ni, Co and Ag in tiie samples however, it was 
demonstrated that contamination due to these elements into successive samples each 
of 20ml taken by the same syringe was reduced as shown in Table 7.1 which is 
constructed from the above two references. This shows that the contamination levels
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are very low even in the first sample except for Fe which is even less than the 
detection limit for the element in whole blood and red blood cells(see Table 7.3) as 
obtained for the present experimental conditions. People have used Ft made 
needles[DAM73] to avoid contamination caused by the use of Fe needles but relatively 
higher cost and less availability precludes their choice specially in a Third World 
country like Nigeria where these might have to be imported causing serious delays in 
the sample collection as well. Therefore, it was decided to collect the blood samples 
using stainless steel needle disposable syringes with polypropylene butterfly valve 
which were readily available in the local market. Due to obvious psychological 
reasons it was difficult to discard the first few blood samples each of 10ml or more 
therefore, it was decided to discard only the first 5ml of blood sample in each case 
and collect the subsequent 10ml sample. This procedure was thought to reduce the 
contamination, if any, below the detection limits. The samples were collected in high 
pressure polyethylene centrifuge bottles. The high pressure polyethylene has been 
reported to have relatively very low levels of contamination[THI57] whereas low 
pressure polyethylene is thought to be less pure because of the presence of catalysts 
used during its manufacturing[MIZ65]. Leaching of elements from polyethylene bottles 
have been observed by Sansoni and Iyengar[SAN80] to be in insignificantly smaller 
amounts whereas Cornells et al[COR75] found no occurrence of leaching or adsorption 
while storing urine samples for three days in a polyethylene container. Thus, it was 
deemed satisfactory to store the collected samples in the same polyethylene containers 
before and after lyophilization. The samples were collected at Obafemi Awolowo 
University Teaching Hospital Ile-Ife, Nigeria and immediately after collection 20|il of
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heparin per ml of blood was added into each sample to prevent it from coagulation 
as required for their subsequent separation into whole blood, red blood cells(RBC) and 
plasma. Heparin, first isolated from liver of dogs[JOR47], is an effective/coagulant for 
blood samples and is most widely used for this purpose. Weight, height, age and sex 
of each subject was also noted down together with the samples collected. The subjects 
were tested free from HIV and hepatitis. The donors were divided into three categories 
representing three groups of population namely, AA(the control group), AS (the sickle 
cell trait group) and S3 (the sickle cell disease group). More detail about them is given 
in Table 7.2. The samples were collected during morning hours and the whole sample 
collection programme at the teaching hospital was supervised by a haematologist.
The blood components were separated by centrifugation at 3(X)0 r.p.m for 15 
minutes and the samples were later on freeze dried for 24 hours using an Edward 
vacuum freeze drier. Wet and dry weights of the samples were noted down, before and 
after freeze drying respectively, and the samples were kept in a deep freezer before 
the final target preparation for analysis. The freeze dried samples were homogenized 
into fine powder with a polyethylene spatula. The target plate for PIXE analysis was 
prepared, using 5mm diameter pellets of the blood samples, in the same way as 
explained in chapter 5. A pellet of Bowen’s kale multielemental standard was also 
prepared and stuck on the target plate each time analysis was carried out. The 
standard pellet was mounted in order to carry out the elemental analysis using 
comparative method.
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Table 7.1: Contamination levels(|ig/ml) of certain elements introduced 
into successive blood samples from stainless steel needles.
Element First sample Second sample Third sample Fourth sample
Cr 0.085 0.012 8.0E-3 0.012
Mn 2.3E-4 7.0E-5 2.3E-5 3.6E-5
Fe 0.23 0.032 0.023 0.033
Co 9.2E-4 2.2E-4 1.5E-4 1.8E-4
Ni 0.071 0.01 8.0E-3 0.012
Cu 5.2E-4 2.3E-4 2.5E-4 2.4E-4
Zn <3.0E-4 <8.0E-4 5.0E-4 4.0E-4
Ag 2.0E-5 <5.0E-6 <5.0E-6 5.0E-6
Table 7.2: Detail of three groups of donors namely AA, AS and SS.
Sex SS group AA group AS group
No. Age(Yrs) No. Age(Yrs) No. Age(Yrs)
Females 18 15-32 14 15-34 10 13-25
1 60 1 50
Males 1 23 11 17-26 5 19-22
1 45 1 37
1 45
Total 19 15-32 27 15-60 18 13-50
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7.5 Analysis
Analysis of the samples was carried out using a 2MeV proton beam incident 
normally on the samples and collimated down to 500|im diameter spot size on the 
sample surface. The PIXE spectra were collected with Si(Li), the low energy photon 
detector, fitted with a 350pm thick mylar filter. Simultaneous RBS spectra were also 
collected with a surface barrier detector.
7.6 Results and Discussion
Patients with the sickle cell disease(indicated by SS in this chapter) normally 
have poor health which is indicated by their short stature and relatively low body 
weight[PRA75]. Similar observation has been recorded by Adeyefa et al[ADE86] who 
compared average weight and height of SS subjects with that of the controls among 
Nigerians. However, their finding of prevalence of relatively low mean body weight 
and height of the SS subjects may not portray the true picture because they mixed the 
two genders while making this comparison which may yield erroneous results as males 
and females of the same age groups are known to have different weights and heights 
[SYN75]. In the present study there were all but one female subjects comprising the 
SS group therefore, their average weight and height was compared to the 
corresponding average of females among the AA(control) group. The mean height and 
weight of the SS group was 160 ± 9.5cm and 48.4 ± 7.4 respectively as compared 
to mean height and weight of 158.8 ± 8.2cm and 49.6 ± 7.8 \?g respectively of the 
controls. This shows no statistically significant difference between relevant means in 
two groups as tested by the student’s t-test. However, direct comparison of weight and
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height among two groups may not be a valid way of judging general physical health 
and well being of the diseased group since there could be as many as ten different 
parameters combined together to provide a health index, Gronogo and Woodgate’s 
[GR071] ten parameter formula is actually meant for assessment of community health 
programmes and is difficult to apply in our case. A more quickly and easily obtainable 
and still useful health index is thought to be the ratio of body weight to that of square 
of body height, denoted by HI in the rest of the text. Keys et al[KEY72] proclaim that 
it is statistically and biologically meaningful and is found to be strongly correlated 
with body stature among men as well as women[MIC86]. When comparison was made 
on the basis of HI the SS group was found to have significantly lower health 
status(p<0.088) as compared to the AA group. HI is found to be evenly distributed 
among males and females as shown in figure 7.2 which plots HI of all the subjects in 
the AA group. This suggests that HI may be independent of sex and, HI of the SS 
group can be compared to that of the AA group with both the sexes included. This 
comparison showed that the SS group has lower HI than that of the AA group at even 
higher significance level(p<0.041), the higher significance is due to increased number 
of degrees of freedom. No significant difference was found in HI of AA and AS 
groups. This confirms the general observation that sicklers(SS group) are physically 
weaker and leaner whereas the sickle cell trait subjects(AS group) are as healthy as 
the control subjects.
Typical detection limits for various elements in whole blood plasma and red 
blood cells(RBC) are given in Table 7.3. The limits are quoted in units of pg/ml 
instead of the usual units of |ig/g because elemental concentrations in blood samples
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are generally expressed in volume of blood samples. The values indicate that detection 
limits in the plasma matrix are relatively lower than those in the whole blood and red 
blood cell matrices. This is thought to be due to the relatively low concentrations of 
high Z metals like Fe and Zn in plasma. In addition to the elements listed in Table 7.3 
the elements Cr, Mn and Ni were also detected in some samples. Elemental 
concentrations in a freeze dried sample of heparin, used as anti-coagulation agent, 
were also determined on dry weight basis which are given in Table 7.4. As the heparin 
was added in the solution form in minute quantities, there was no chance of detectable 
contamination introduced by its addition except for the element Br which is at very 
low concentration in blood as compared to its concentration in the heparin. A simple 
calculation based on heparin concentration of200|ig/ml, which was used in the present 
work, showed that contribution of Br from heparin into the final results would be less 
than 0.01(J.g/ml which is less than the detection limit for the element. However, there 
were six samples of RBC and three samples of whole blood which showed very high 
concentration of Br(^10 times the normal value). Such high levels of Br in certain 
samples could not be explained. Increased levels of K and Fe, two other elements of 
appreciable concentration in heparin, were not observed in the corresponding samples 
thus indicating that high levels of Br were not due to added heparin in big quantities. 
The above mentioned samples were excluded as outliers while calculating average Br 
concentrations, and detection limit of the element was used to represent these samples 
when correlation coefficients were calculated. It was observed that the blood sample 
matrix underwent appreciable radiation damage on analysis whereas similar damage 
was not caused in the Bowen’s kale matrix. This is indicated by figure 7.3 which
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shows the beam spot on both the matrices as viewed by scanning electron microscope. 
This was thought to have increased concentrations of most of the elements at the beam 
spot on the blood samples when these were calculated by comparison with Bowen’s 
kale. This was depicted by higher elemental concentrations thus obtained as compared 
to other published values[IYE78] for normal subjects. Therefore, IAEA animal 
blood(IAEA-A-13) reference material was also analysed under the same conditions as 
the blood samples and elemental concentrations were calculated by comparing with 
the certified concentrations in the animal blood. Results thus obtained were in 
agreement with the quoted values[IYE78] since the animal blood matrix was 
susceptible to similar radiation damage as the human blood samples and the elemental 
concentrations were locally affected in a similar fashion. The elemental concentrations 
in fig/ml were calculated by multiplying the corresponding values in |Ltg/g with the 
relevant dry weight to wet weight ratio. This is thought to have introduced a 
systematic error into the final concentrations due to blood and its components density 
effect. This error has been estimated, from the specific gravity values quoted by 
Glesser[GLE50], to be less than the observed standard deviations in the results. The 
specific i^fcwity values for blood and its components are given below[GLE50].
Whole blood 1.045 to 1.060
Plasma 1.023 to 1.030
Red blood cells 1,085 to 1.095
Mean elemental concentrations for SS, AA and AS groups averaged over all 
the individuals in each group are listed in Tables 7.5, 7.6 and 7.7 respectively. The 
geometrical mean, the range of concentration and range ratio( quotient of maximum
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Figure 7.2: Distribution of health index among control group including males
and females both.
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i
Figure 7.3: Beam spot as viewed by SEM showing beam damage to 
(a)blood matrix and (b)Bowen’s kale matrix.
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Table 7.3: Detection limits(|ig/ml) in whole blood, plasma and RBCs.
Element Whole blood Plasma Red blood cells
Cl 103 28.4 95.7
K 5.2 1.87 6.5
Ca 14 1.5 17.37
Fe 0.6 0.11 0.88
Cu 0.43 0.093 0.44
Zn 0.26 0.09 0.29
Br 0.25 0.17 0.32
Rb 0.8 0.5 1.47
Table 7.4: Elemental concentrations(|ig/g) in freeze dried sample of heparin.
Element Concentration
K 3235 ± 280
Ca 39.4 ± 3.6
Cr 7.7 ±0.13
Mn 6.0 ± 0.70
Fe 317.3 ± 45.
Cu 6.0 ± 0.64
Zn 8.3 ± 1.0
Br 4566 ±611
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to minimum concentration) has also been given for each element. Most of the range 
ratios are between 1 and 6 with the exception of Cl in RBC in the SS group for which 
it is 8.18. The relatively low range ratios indicate consistency of the results and spread 
in the data is thus attributed to the differences among the individuals. These range 
ratios are relatively low as compared to those given by Woittiez[WOI84] who found 
very high range ratios for the elements with very low concentrations in serum, with 
only a few elements having range ratios below 5. As his compilation of data is based 
on published mean elemental concentrations by various workers in serum, the big 
range ratios may depict the variations among analytical procedures of different 
laboratories.
Errors quoted with the mean concentrations are in terms of standard deviation 
on the number of individuals in each group. As it can be seen from Tables 7.5, 7.6, 
and 7.7, geometric mean concentrations for all the elements are very close to the 
corresponding arithmetic means which suggest that these elements are normally 
distributed. The elements Ni, Mn and Cr were detected in only a few cases therefore, 
the same conclusion cannot be made for these elements. As the tables indicate the 
normal distribution prevails in all the groups. It is an established fact that 
concentration levels of essential elements in the human body are maintained by certain 
homeostatic biological processes which entail them to posses a normal distribution 
pattem[LIE68] as compared to lognormal distribution of non-essential 
elements[PER62, T1P63A, TIP63B] which enter into the body via environmental 
exposure or the food chain but their concentrations are not maintained by any 
biological process in the body. According to the above criterion, all the elements
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detected are essential elements and their concentrations, although different in different 
groups, seem to keep the normal distribution pattern in controls as well as the sickle 
cell disease group.
Student’s T-test was employed to check for any statistically significant 
differences in the mean elemental concentrations among the three groups. The results 
for SS versus A A, SS versus AS and AS versus A A comparisons are shown in Tables 
7.8, 7.9 and 7.10, respectively. The correlation coefficients between elemental 
concentrations, age, weight, and HI of the individuals were also calculated. These are 
given in Tables 7.11, 7.12 and 7.13 which list the plasma-plasma, RBC-RBC and 
plasma-RBC correlation coefficients, respectively, in the SS group. In the AA group 
the plasma-plasma, RBC-RBC and plasma-RBC correlation coefficients are given in 
Tables 7.14, 7.15 and 7.16, respectively.
7.6.1 Comparison Among SS, AA and AS Groups
When comparing elemental concentrations in the SS group with those in the 
controls it is seen that most of the elements detected show significant differences in 
their mean concentrations in two groups. Chlorine is found to appear at significantly 
high concentration in plasma, RBC and whole blood of the SS group as compared to 
that of the controls. This shows the element’s increased uptake in the incidence of 
sickle cell disease. The only published work with respect to Cl in sickle cell disease 
was found by Hellerstein and Bunthrarungroj [HEL74] who studied RBC composition 
in sickle cell disease in children and reported no difference in its concentration when 
compared to that in normal children. As the groups studied in the present work
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Table 7.5: Mean elemental concentrations(|ig/ml) in whole blood, RBCs and
plasma of the SS group.
Element Av. Cone. G. Mean Range R. R Sample
Cl 2164 ± 512 2108 1464 - 3243 2.22 W
K 1138 ±286 1107 762 - 1966 2.58
Ca 86.5 ± 15.5 84.8 66.4 - 119.6 1.8 B
Fe 309 ± 87 298 175.4 - 565 3.22 L
Cu 1.9 ± 0.5 1.9 1.05 - 2.9 2.75 O
Zn 4.75 ± 1.11 4.63 3.3 - 7.79 2.36 O
Br 3.57 ± 1.21 3.35 1.35 - 6.63 4.92 D
Rb 1.6 ±0.59 1.53 .84 - 3.4 4.03
Cl 882 ± 473 771 254 - 2078 8.18
K 3008 ±717 2912 1415 - 4171 2.95
Ca 51 ±25 46 20.5 - 116.2 5.66 R
Mn* 0.92 ± 0.59 0.76 0.47 - 1.84 3.9
Fe 893 ± 204 866 415 - 1195 2.88 B
Cu 1.68 ± 0.48 1.61 0.98 - 2.51 2,55
Zn 11.66 ±3.49 11.1 4.42 - 19.44 4.4 C
Br 2.5 ± 1.27 2.26 1.09 - 5.66 5.19
Rb 4.1 ± 1.46 3.83 1.54 - 7.0 4.55
Cl 2523 ±318 2503 2008 - 3242 1,61
K 238 ± 92 223 133 - 465 3.5 P
Ca 98 ± 12.9 97 77 - 132 1.72 L
Fe 2.7 ± 0.96 2.43 1.07 - 4.8 4.5 A
Cu 1.6 ± 0.5 1.52 0.98 - 2.88 3.23 S
Zn 0.82 ±0.14 0.81 0.58 - 1.21 2.08 M
Br 3.29 ± 0.91 3.15 1.48 - 4.93 3.31 A
Av. Cone, average concentration; G. Mean geometric mean;
Range range of concentration; R. R. range ratio
* Detected only in six cases
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Table 7.6: Mean elemental concentrations(j0.g/ml) in whole blood, RBCs and
plasma of the AA group.
Element Av. Cone. G. Mean Range R. R Sample
Cl 1549 ± 260 1526 1025 - 2117 2.07 W
K 2017 ±411 1970 1020 - 2779 2.73
Ca 69.2 ± 12.5 68 38.5 - 100.5 2.61 B
Fe 547 ± 140 523 155 - 785 5.06 L
Cu 1.27 ± 0.3 1.23 0.75 - 2.12 2.84 O
Zn 7.78 ± 2.3 7.41 2.75 - 12.72 4.62 O
Br 3.75 ± 1.8 3.38 1.78 - 9.21 5.17 D
Rb 3.23 ± 0.99 3.08 1.42 - 5.89 4.10
Cl 639 ± 182 609 295 - 952 3.22
K 3830 ± 563 3784 2379 - 4631 1.95
Ca 29.7 ± 10.3 28 14 - 50.8 3.63 R
Mn* 0.9 ±0.51 0.74 0.32 - 1.49 4.64
Fe 1031 ± 193 1008 406 - 1375 3.4 B
Cu 1.0 ± 0.26 0.96 0.52 - 1.65 3.13
Zn 13.58 ± 3.36 13.15 7.61 - 21.95 2.88 C
Br 1.89 ± 0.7 1.76 0.84 - 3.94 4.64
Rb 5.75 ± 1.09 5.64 3.57 - 7.3 2.05
Cl 2272 ± 460 2218 1266 - 3000 2.37
K 171.6 ± 54 164.5 94.4 - 343.5 3.64 P
Ca 95 ± 22.7 92 53.5 - 131 2.44 L
Fe 1.31 ± 0.5 1.21 0.48 - 2.37 4.93 A
Cu 1.0 ± 0.4 0.97 0.36 - 2.39 6.54 S
Zn 0.84 ± 0.3 0.79 0.35 - 1.45 4.13 M
Br 3.64 ± 1.9 3.25 1.6 - 8.48 5.33 A
Av. Cone, average concentration; G. Mean geometric mean;
Range range of concentration; R. R. range ratio
* Detected only in four cases
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Table 7.7: Mean elemental concentrations(jig/ml) in whole blood, RBCs and
plasma of the AS group.
Element Av. Cone. G. Mean Range R. R Sample
Cl 1554 ± 434 1499 869.6 - 2602 2.99 W
K 1775 ± 356 1727 694 - 2344 3.38
Ca 68 + 9 67.5 51.4 - 84.3 1.64 B
Fe 495 ± 122 473 152 - 676 4.46 L
Cu 1.23 ± 0.4 1.18 0.79 - 2.27 2.87 O
Zn 6.94 ± 1.77 6.69 3.36 - 10.3 3.07 O
Br 3.74 ± 1.35 3.49 1.38 - 7.81 5.68 D
Rb 2.8 ± 0.89 2.65 0.9 - 4.92 5.43
Cl 742 ± 214 703 227 - 1128 4.96
K 3622 + 465 3591 2557 - 4495 1.76
Ca 35.2 + 10.8 33.5 20.6 - 65.6 3.19 R
Mn 0.76 ± 0.39 0.68 0.43 - 1.3 3.01
Fe 992 ± 193 973 677 - 1329 1.96 B
Cu 1.02 ± 0.24 0.26 0.48 - 1.45 3.08
Zn 12.93 ± 3.52 12.42 6.44 - 19.9 3.09 C
Br 2.27 ± 0.68 2.16 1.1 - 3.65 3.3
Rb 5.35 ± 1.57 5.13 3.15 - 9.6 3.05
Cl 2462 ± 293 2444 1937 - 2974 1.54
K 166.5 ± 15 165.8 144.4 - 195 1.35 P
Ca 96.6 ± 11.7 95.8 73.8 - 128 1.73 L
Fe 1.53 ±0.76 1.41 0.8 - 4 5.0 A
Cu 1.05 ±0.26 1.01 0.58 - 1.71 2.92 S
Zn 0.86 ±0.17 0.84 0.61 - 1.19 1.96 M
Br 3.77 ± 0.91 3.63 1.92 - 4.97 2.57 A
Av. Cone, average concentration; G. Mean geometric mean;
Range range of concentration; R. R. range ratio
* Detected only in three cases
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Table 7.8: t-test comparison of mean elemental concentrations of the SS group
to that of the AA group.
Element t-value D. F. Significance level Sample
Cl 5.36 44 p<0.0005 W
K -8.04 44 p<0.0005
Ca 3.91 44 p<0.0005 B
Fe -6.57 44 p<0.0005 L
Cu 5.13 44 p<0.0005 O
Zn -5.31 44 p<0.0005 O
Br -0.35 40 NSD D
Rb -5.94 41 p<0.0005
Cl 2.44 44 p<0.01
K -4.35 44 p<0.0005
Ca 3.98 44 p<0.0005 R
Fe -2.35 44 p<0.014
Cu 6.24 44 p<0.0005 B
Zn -1,88 44 p<0.04
Br 1.72 30 p<0.05 C
Rb -4.1 39 p<0.0005
Cl 2.05 44 p<0.026
K 3.08 44 p<0.0023 P
Ca 0.51 44 NSD L
Fe 5.8 41 p<0.0005 A
Cu 4.28 44 p<0.0005 S
Zn -0.27 44 NSD M
Br -0.75 44 NSD A
D. F. Degrees of freedom NSD No significant difference.
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Table 7.9: t-test comparison of mean elemental concentrations of the SS group
to that of the AS group.
Element t-value D. F. Significance level Sample
Cl 3.9 35 p<0.00005 W
K -6.01 35 p<0.0005
Ca 4.02 35 p<0.0005 B
Fe -5.27 34 p<0.0005 L
Cu 4.44 35 p<0.0005 O
Zn -4.54 35 p<0.0005 O
Br -0.38 33 NSD D
Rb -4.58 33 p<0.0005
Cl -3.77 35 p<0.0005
K -3.07 35 p<0.003
Ca 2.47 35 p<0.012 R
Fe -1.52 35 p<0.07
Cu 5.11 35 p<0.0005 B
Zn -1.1 35 NSD
Br 0.57 25 NSD C
Rb -2.31 30 p<0.015
Cl 0.59 34 NSD
K 3.17 34 p<0.002 P
Ca 0.36 34 NSD L
Fe 3.62 32 p<0.0005 A
Cu 3.94 34 p<0.0005 S
Zn -0.77 34 NSD M
Br -1.56 34 p<0.07 A
D. F. Degrees of freedom NSD No significant difference.
176
Chapter 7
Table 7.10: t-test comparison of mean elemental concentrations of the AS group
to that of the AA group.
Element T-value D. F. Significance level Sample
Cl 0.05 43 NSD W
K -2.03 43 p<0.03
Ca -0.34 43 NSD B
Fe -1.3 43 NSD L
Cu -0.38 43 NSD O
Zn -1.31 43 NSD O
Br -0.03 41 NSD D
Rb -1.45 42 NSD
Cl 1.72 43 p<0.05
K -1.3 43 NSD
Ca 1.69 43 p<0.06 R
Fe -0.69 43 NSD
Cu 0.4 43 NSD B
Zn -0.62 43 NSD
Br 1.45 27 NSD C
Rb -0.96 39 NSD
Cl 1.52 42 NSD
K -0.38 42 NSD P
Ca 0.25 42 NSD L
Fe 1.41 41 NSD A
Cu 0.08 42 NSD S
Zn 0.25 42 NSD M
Br 0.25 42 NSD A
D. F. Degrees of freedom NSD No significant difference.
177
I00CO
II1
I
s
o
gc5
♦
s
om
3:d
t-'CO<sd
*CO
îgd
oCOo or--d
♦<1—1V)
o
1o od 1o
g
or—4o\o !d ot>o oo od r-mT—4d o ♦£d ONo oONo or~-d
♦;o 1o 1§ VOr-41—4d COo *CO£d 0ind
m
*
6O o d I 1 mCOd
tS r-4o oo *1 oo od Id ©md
V 0ino *1 *I Onr-H1-HdtS VOr—4o 1—< COd Rd
u
os:o oo 1o
w 1CO0 0 Ô £ a g ffl 1 g
i
oo
%
ON
O nI
W)
I
OO
a
Io\osmooOocoooodo Id(SCOCOd CO3dCOood ood
oId ooOCO3 o ood VOoo
oI ood moo C Od
o\
go
inCOOd md oo
CO
CO o
IdooCO 00ooloo
oCOd
ONmd mo
VOCOoo
oo
Ocs o
o
d
oooo
s
ONvd
OO
AI
( B )
ON
ON
AI
8!II
ONr-
N.
k.%I
ICO
CO
II0 U
1
I
ë
t"H
c3 WCD
TOvn
CD
m
s
9 CD
1-HCO
CD
o
CD
&
IT)
5
COON ONcn
VO
cn
VO
P; $mO CD o CD CD CD CD
t9
♦t-Hm
o
§
CD
e
VO
CD
RCD VOCD
♦
gVO
CD
§
CD
u VOo
vn
9
CD
9
CD
VO
9
CD
<§)
S
CD
1
CD
1
CD
i
1:2
oCOtsoo
CD i
♦CD1—4!>■
CD
%
s
&)
i
TOP~.i n
CD
1
CD
A2 Ô
T fOO(S
1—4 8 g ONONCOo O CD CD CD CD CD
VOT—t
o
VO
CD 1CD
CDm
CD
ÈU~i
CD
1
CD i
u P:1—4 § R §
COTOO § §o CD O CD 9 o CD
a W U 2 a iS (S
Pu <  CO <
ON
VO
%
oo
AI
ON
ON
AI
ONI
Î
g
I
I
.siI1
I
s od
ON
od
o o
d id
i
9
8d
ON
od
CO
s
O
i
S
T f
o
9 1o
o
Bd
NO
r— i
d
S3
9 Io I 1
So
♦
> n
sd
i
9
s
d 1d
T—(7—4
( S
9
o
9
f S
0
1
g1-H
9 9
i
9
i
9
VOOOT-H
9
c9 d
R
s
1OOd
♦
COr-HNOd
S
d
c3 d
sCO«>o
NCOd
3csd
t£ gd
ON
Nd 1
u
» n
&
8
COVOVOd
w imd
0 U U & d t9 & 1 0
OO
%<Ê)
o\
I
ON
ON
%
$
OO
NI
I
<
ê
•SIoIui
ë
T— (I
B °9 io g<D
♦
t- H
%o
e nm
d
O n00e nd Sd
ge nd e ngd 8o
g ges9 i S9 ♦sI f )d mo d O n9 8e nd t- HSd
1 T—4o o S2 i9 o9
M
1 i e n9
ë
c o
o
9
♦» noo» n
O
m
t- Hoo i nd
!>•
d Io Sd
( S se nO » oo se nO e ni me n9 id
vo
1 » nooT— (O VOi 3d NOMd
ÇJ gO §C) o5o id
k R9 o
ONI f )
O
u
00mmo
oi—(oo
w
V)
O
9
u Ü w c3 £ U t5 pq ë W)< g
%(B)
On
%
•S)I
r4oo
k.I
esIo oo endo o
o o0\esos 8
d
§
d
<N
doooI 8 es eso oO
dioo o
esO
d
o o o o
N
o o i§ O
o o oo oesOdes e ni
go oo oo oO s o o
o oo oo
o o oo o
o
«n
d oo oo
esR
d
§
d
§
d
lOo oo
d
es es
do
ossd
%
o o
Al
osos
AI
I
e no o
K
%I
Chapter 7
comprise adult individuals, our results may suggest that the difference is due to age 
and perhaps long term accumulation. Plasma Cl is strongly correlated with age, weight 
and HI of the subjects in SS group whereas no such correlation existed in the AA 
group. A direct correlation between plasma Cl with plasma Zn and Ca is observed in 
both the groups whereas its correlation with plasma Br existed only in the SS group. 
This may suggest a similar behaviour of halogens in the sickle cell anaemia patients. 
The RBC Cl was correlated with RBC Ca in the SS group only, which indicates 
increased RBC Ca level is expected in sickle cell disease. Plasma Cl was also found 
to have a direct correlation with RBC K, Fe and Zn, again in the SS group only. 
Potassium is found at significantly lower concentration in whole blood of the SS 
group as compared to that of the controls. It is also noticed that plasma K in the SS 
group is at significantly higher concentration than that in the controls whereas RBC 
K in the SS group is at significantly lower level than its counterpart in the A A group. 
This indicates that K is released from the erythrocytes into plasma thereby reducing 
its concentration in erythrocytes and increasing in the plasma. The efflux of K from 
the RBCs may probably be due to changed RBC membrane permeability caused by 
the sickling of the cells. Johnson and Gannon[JOH90] observed that subjecting 
erythrocytes to 300-9 lOdyn/cm^ shearing stress results in K efflux with an equal Na 
influx. Ney et al[NEY90] also demonstrated in a controlled laboratory experiment that 
shear-induced RBC deformation into elliptical shape causes K afflux(K leakage) from 
the erythrocytes. They hypothesized that deoxygenation of sickle RBC stimulates the 
K leakage. Combining our results with these findings it can be postulated that the 
sickling phenomenon subjects the RBC to increased stress resulting in K efflux.
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Erythrocyte to plasma K concentration ratio is found to be 12.7 in sickle cell disease 
as compared to 22.3 in the controls which shows that in sickle cell disease this ratio 
is almost half of that found in the controls. This information may be useful in 
diagnosis of the disease if this difference appears earlier than the sickle shape. 
Leakage of K from RBCs into plasma implies that there should be a negative 
correlation between RBC and plasma K levels in the SS group. However, absence of 
such correlation is thought to be due to excretion of excess plasma K via the urinary 
path. It dictates the necessity of analysis of urine samples, collected simultaneously 
with the blood samples. Erythrocyte K is correlated with erythrocyte Fe, Zn and Rb 
as well as with the age weight and HI of subjects in the SS group. In controls only 
such correlation was observed among erythrocyte K and Fe. Plasma K is strongly 
correlated with weight and HI of the SS group. Plasma K in the controls was 
correlated with plasma Ca whereas such correlation was not found in the SS group. 
Mean Ca concentration in whole blood as well as RBC of the SS group was 
significantly higher than that of corresponding values in the AA group whereas no 
difference in plasma Ca concentration was observed among the two groups. The 
elevated Ca concentrations in sickle RBCs have also been reported in the literature by 
other workers[EAT73, PAL74, EAT78]. Normally the red cell membrane has got low 
permeability for Ca^  ^ ion[SCH69] whereas increased Ca influx into the sickle RBCs 
may be, like K efflux, due to alteration of its permeability caused by stress on the cell 
walls, as has been shown in invitro studies by Palek et al[PAL76]. It is uncertain yet 
as to whether increased erythrocytes Ca in the sickle cell disease is a cause or effect 
of the sickling, although Eaton et al[EAT73] suggested that incorporation of Ca is a
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pathogenic event in the formation of irreversibly sickled cells. Studies indicate that Ca 
influx endows the RBCs with high viscosity and low filterability through 
capillaries[PAL76] which is thought to be due to Ca dependent decrease in the 
membrane defbrmability[WHI74, DUN74]. It has also been suggested in vitro that Ca 
influx is associated with K loss from the RBCs[GLA74, GLA78] as well as a 
corresponding increase in haemoglobin retention by red cell membrane[WEE69, 
PAL71], Therefore, it may be possible that all these factors act synergistically with 
Ca influx to decrease defbrmability of RBC wall and thus filterability of the cells 
resulting in local infarction and painful crises in the sickle cell anaemia patients. No 
significant difference was observed in plasma Ca concentrations of the two groups. 
This is against the findings of Adeyefa et al.[ADE86] who found a significantly lower 
mean plasma Ca level in Nigerian sicklers than that in the corresponding controls. An 
explanation of this difference in observations may be the fact that plasma provides a 
short term picture of trace element levels as compared to the RBCs. Thus plasma trace 
element levels are prone to frequent changes caused by dietary intake dining the day. 
Therefore, samples collected a few horns after a meal was taken will show increased 
plasma concentration for some elements due to their uptake. In our case the samples 
were collected in the morning hours after breakfast was taken which might have 
increased the plasma Ca level thereby masking the otherwise prevalent difference in 
plasma Ca concentrations of the two groups. Plasma Ca was found to be strongly 
correlated with plasma Zn both in sicklers as well as controls however, its correlation 
with age weight and HI was only observed in the sicklers. Erythrocyte Ca level was 
also correlated with age weight and HI only in the sicklers. Correlation also existed
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between plasma Ca and RBC Fe and Zn in the sicklers but not in the controls.
Iron is an important metallic constituent of the haemoglobin molecule. 
Prevalence of Fe deficiency in anaemia is very common and is a frequent finding in 
patients with haemoglobinopathies. Comparison of Fe levels in the sicklers with that 
of those found in the controls in the present study indicate that whole blood and 
erythrocyte Fe concentrations are significantly low in the patients. This indicates that 
sickle cell anaemia patients are Fe deficient and the anaemia itself is also "Fe 
deficiency anaemia". Plasma Fe level in the sicklers is, on the other hand, significantly 
higher as compared to that in the controls. This is thought to be due to haemolysis of 
irreversibly sickle RBCs thereby pouring haemoglobin into the plasma stream. 
Significantly high levels of Fe(p<0.001) in plasma of Nigerian sicklers have also been 
reported by Adeyefa et al[ADE86] which is consistent with our results. These findings 
suggest that Fe released into plasma by destruction of the RBCs is not efficiently 
excreted through urine and the body is probably conserving it as a Fe store for re­
utilization; a common belief responsible for omitting Fe supplementation in treatment 
of the disease[OLU80]. However, it may not be possible to confirm the hypothesis 
unless urine analysis is also carried out for Fe content simultaneously with blood 
analysis, since there are a few reports which indicate absence of Fe(probably below 
detection limit of the techniques employed) in bone marrow of some sicklers [PET75, 
OLU80] suggesting inefficient re-utilization of Fe. Plasma Fe level is correlated with 
palsma Zn level in the controls whereas no such correlation exists in the sicklers. 
However, RBC Fe is strongly correlated with RBC Zn in the SS group which indicates 
that low levels of Zn may also prevail in RBCs of the sicklers, which is in fact the
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case as discussed later. This correlation may also suggest that Zn is functionally 
associated with the haemoglobin molecule so that loss of haemoglobin is accompanied 
with a corresponding loss of Zn, This argument is indirectly supported by findings of 
Oelshlegel et al[OEL73] according to which Zn has been found to be involved in 
oxygen affinity of the erythrocytes. Significance of this statement has been discussed 
later with reference to Zn levels in RBCs. Erythrocyte Fe of the sicklers is found to 
have a strong correlation with plasma Cl, Ca and Br, with no such correlation present 
in the controls.
Mean Cu concentration in plasma of the SS group was significantly higher than
that of the AA group. This result is consistent with the result of an earlier study of
Nigerian sicklers by Olatunbosun et al[OLA75] who found significantly increased
levels of Cu in serum of the SS group. Their value for Cu concentration in serum of
the sicklers is 1.36 ± 0.26|ig/ml as compared to a value of 1.6 ± 0.5jag/ml found in
the present study. Prasad et al.[PRA76] also found significantly high concentrations
upof Cu(p<0.025) in plasma of the SS group but they did not pick/any difference 
between RBC Cu concentrations of the two groups. Adedeji et al[ADE88] also 
analyzed plasma samples of Nigerian sicklers and found that the mean Cu 
concentration in plasma of sicklers is higher than that in plasma of controls. All these 
results support our finding of elevated Cu plasma in sickle cell disease. There is 
scarcity of information about whole blood and RBC Cu concentration in sickle cell 
disease. Our results indicate that Cu concentration in whole blood, as well as in RBCs, 
also increased in the disease. It is known that Cu is involved in synthesis of 
haemoglobin, Fe metabolism[DAV72, EVA73] and maturation and maintenance of
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RBCs[UND77]. Therefore, Cu deficiency results in impaired synthesis of haemoglobin 
and thus anaemia[PRA76B], but the vice versa may not always be true. In sickle cell 
anaemia the Cu level in blood and its components is elevated which means that 
anaemia is not caused by impairment of haemoglobin synthesis. Most of erythrocyte 
Cu, about 80%[DAV72], is associated with a protein called erythrocuprein, first 
isolated from RBCs by Shields et al[SHI61]. Similaiiy about 90% of plasma Cu is 
associated with a plasma protein, namely ceruloplasmin[CAR50]. Therefore, elevated 
levels of Cu in sickle cell disease may suggest that production of these Cu containing 
proteins is enhanced. Ceruloplasmin is known to be involved in mobilization and 
utilization of Fe for haemoglobin synthesis [EVA73, OSA66] therefore, low levels of 
Fe in sickle cell disease may trigger some feedback mechanism to produce more 
ceruloplasmin for haemoglobin manufacture resulting in increased Cu levels in plasma. 
There might be a similar explanation for increased production of erythrocuprein. 
Plasma Cu is strongly correlated with weight and HI of the sicklers and at a lesser 
significance to plasma Zn as well. Plasma Cu in the controls is found to have a 
correlation with plasma K and age of the subjects. Erythrocyte Cu in the SS group is 
correlated with weight and HI of the subjects and to plasma Cu as well.
Zinc is the most frequently studied element in sickle cell disease and has been 
shown to have improved general as well as sexual health of the sickle cell anaemia 
patients, when given as oral supplementation [PR A7 5]. It is an important essential trace 
element found in ten metelloenzymes[LI66] and involved in biological activity of 
fourteen metal ion activated enzymes [VAL62]. It was invariably detected in all the 
samples analyzed in the present work. Our results indicate no difference in plasma Zn
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levels of the two groups. Alayash[ALA89] also observed no difference in plasma Zn 
concentration of sickle cell patients and that of the controls but, he proclaims that this 
was due to a milder form of sickle cell disease in Saudi Arabia(his patients and 
controls were from this country). Most of the other researchers found lower plasma 
Zn levels in the patients as compared to that of the controls [ADE86, PRA76, PRA75]. 
One reason for similar Zn levels in both groups in the present study may perhaps be 
that samples were collected at a random time during morning hours of the day. This 
means that food intake, like breakfast, might have changed the plasma Zn levels as 
it is known that Zn absorbed from food reaches to peak plasma value in about one 
hour of food intake and its concentration in plasma dies down to a fasting level after 
three hours of the intake[BUR73B]. Whole blood and erythrocyte mean Zn 
concentrations were found at significantly lower levels in the sicklers than that of in 
the controls. These results are consistent with the observations of other 
workers[PRA75, PRA76, ADE86] who found significantly lower RBC Zn 
concentrations in the sickle cell patients. About 75-80% of total Zn content of human 
blood is contained in the RBCs[VAL49] and almost all of this occurs as carbonic 
anhydrase, a zinc containing metalloenzyme[HOV40]. Therefore, low Zn level in the 
RBCs of sicklers(which is thought to be responsible for low Zn concentration in whole 
blood as well) might have been due to decreased production or loss of carbonic 
anhydrase. Prasad et al[PRA76] found increased Zn excretion through urine , a 
condition called hyperzincuria, in the sicklers as compared to that in the controls. A 
strong negative correlation(r=-7, p<0.05) between Zn concentration in erythrocytes of 
the sicklers and urine Zn levels observed by Prasad et al[PRA75] also suggest that
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excretion of carbonic anhydrase is responsible for low Zn levels. As has been said 
earlier, Zn is known to increase oxygen affinity of the erythrocytes [OEL73]. This 
means that loss of Zn from the erythrocytes will reduce their level of oxygenation. 
Therefore, low Zn concentration in the sickle RBCs may perhaps be responsible for 
irreversible deoxygenation of the cells. Plasma Zn concentration was found correlated 
with age, weight and HI of the sicklers but not in the controls. Plasma Zn in the 
controls was correlated with plasma Fe while its correlation with plasma Cl and Co 
was present in both the groups. RBC Zn in the SS group was strongly correlated with 
RBC K, Fe and weight and HI of the subjects whereas no such correlation existed in 
the controls. RBC Zn was also coirelated with plasma Cl, Ca, Cu and Zn in the SS 
group only.
There was no significant difference between plasma and whole blood Br 
concentrations of the two groups. However, erythrocyte Br in the sicklers was at 
significantly higher concentration compared to that found in the controls. Its 
concentration in plasma of the SS group is found to be correlated with weight and HI 
of the subjects and also to the RBC Fe. Although Br is thought to be one of the 
essential elements [CUES 8] very little has been said about its biochemical functions 
which makes it difficult to judge the significance of the above noted difference of 
concentrations. There is no published record of Br levels in the sickle cell disease 
therefore, these results may provide a reference for further studies into the elements 
behaviour in this disease.
Rubidium was below the detection limit in most of the plasma samples except 
for three samples in the SS, two in the A A and one in the AS group. Its concentration
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in whole blood and RBCs was significantly lower than that in the AA group. To the 
best of our knowledge Rb, like Br, has not before been studied in the sickle cell 
disease. Although it is found in almost every tissue of the human body[HAM73] 
nevertheless, its exact biochemical role is yet to be known. However, evidence does 
exist that Rb being K-like, behaves in a similar way as K does in the body and 
substitutes it to some extent[UND77]. This implies that K afflux from the erythrocytes 
should be accompanied by a proportional Rb afflux. This may explain occurrence of 
low concentrations of Rb in RBCs in the sickle cell disease. K-like behaviour of Rb 
is also depicted by its strong correlation with K in sickle RBCs, and to a lower 
significance in the erythrocytes of the controls as well. It was found to have a 
correlation with weight and HI of the sicklers.
Almost all of the elements showed similar behaviour when comparing whole 
blood, plasma and erythrocyte mean elemental concentrations in the SS group to that 
of in the AS group. No significant difference in the mean elemental concentrations in 
blood and its components of AS and AA groups was observed except that K in whole 
blood and Cl and Ca in RBCs of the AS group were at lower levels than their 
counterparts in the AA group. However, this difference occurs at a lower significance 
level. Therefore, we conclude that sickle cell trait(AS group) subjects are as normal 
as controls not only on the basis of the HI but also on the basis of the mean elemental 
concentrations in blood and its components.
7.6.2 Elemental Status of the Controls
Elemental concentrations in blood and its components of the Nigerian healthy
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subjects(the controls) are compared with the corresponding published values for 
normal population groups. Results for whole blood are given in Table 7.17 whereas 
for RBC and plasma these are presented in Table 7.18. This comparison shows that 
all the elemental concentrations in whole blood, RBC and plasma are comparable to 
those quoted by Iyengar et al[IYE78] except for Cl in all and Ca and Mn in the RBC 
only. Cl is at significantly lower concentrations while RBC Ca is at very high 
concentration compared with the values of Iyengar et al[IYE78]. Concentration of Cl 
in blood samples was calculated by comparison with the certified value of Cl in 
Bowen’s kale since the element’s certified concentration in the IAEA animal blood 
was not given. Therefore, low Cl concentrations may perhaps be due to the matrix 
damage effect as there are few reports of beam damage to and elemental losses from 
biological materials [CH091, KIR91, THE91]. However, observed high concentration 
of Ca and Mn in erythrocytes could not be explained. Apart from Cl, all the elemental 
concentrations in the whole blood of the controls are also comparable to those 
published by Zhuk et al[ZHU88] except for Rb and Ward et al[WAR79] for 
Uzbekistanian(Soviet Union) and North American population respectively. However, 
it is found that our results show higher levels of all the elements except Rb when 
compared to the elemental concentrations in the whole blood of a Bangladeshi 
population[KHA80]. These comparisons imply that the Nigerian population is 
nutritionally better than the Bangladeshi population whereas it is at the same 
nutritional level as the Soviets or the North Americans.
Zhuk et al[ZHU88] quoted relatively very low standard deviation in their 
results which is due to averaging over a large population group, 2790 individuals as
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Table 7.18: Compariosn of elemental concentrations(|ig/ml) in RBC
and plasma of healthy Nigerians with published values.
Element Present work IYE78*
Cl 639 ± 182 1760 - 2477, 2038
K 3830 ± 560 3030 - 4230, 3546
Ca 29.7 ± 10.3 0.63 - 5.2, 3.2 R
Mn 0.9 ± 0.51 0.0115 - 0.066, -
Fe 1031 ± 193 985 - 1140, — B
Cu 1.0 ± 0.26 0.75 - 1.31, 0.98
Zn 13.58 ± 3,36 7.6 - 16.1, 14.2 C
Br 1.89 ± 0.7 1.45 - 1.45, 1.45
Rb 5.75 ± 1.09 4.18 - 5.3, 4.23
Cl 2272 ± 460 3260 - 4280, 3610 P
K 171.6 ± 54 137 - 208, 157 L
Ca 95 ± 22.7 89 - 106, 96 A
Fe 1.31 ±0.5 0.71 - 1.27, 1.10 S
Cu 1.0 ± 0.4 0.61 - 1.41, 1.12 M
Zn 0.84 ± 0.3 0.79 - 1.70, 1.14 A
Br 3.64 ± 1.9 3.1 - 12.5, —
* Range of concentration and mean concentration.
compared to 27 in our case, as well as the fact that they analyzed blood samples of 
only one ethnic group.
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ANALYSIS OF ENVIRONMENTAL SAMPLES
8.1 Introduction
Natural events like volcanic eruptions and anthropogenic activities like 
vehicular and industrial exhausts affect the environment in which we live in one way 
or the other. Pollutants from these sources reach human beings through various 
pathways affecting their status of well being. For example there are reports of 
temporary disability and diseases related to internal organs of workers occupationally 
exposed in, then Soviet Union, to metallic dust[BRA75]. Similarly, natural dust arising 
from the Nigerian soil has been reported to cause high body temperature and 
respiratory disorders[ADE88B]. To protect human and animal life, vegetation and for 
policy matters like legislative control of industrial emissions or deciding upon whether 
to instal a new industry in a locality, knowledge of environmental level of various 
pollutants is necessary. Determination of materials like heavy metals and trace 
elements in the environment plays an important role in defining the pollution and its 
possible sources[ST085, DAV85].
In this chapter, analysis of air-particulate and soil samples taken from Nigeria 
is being presented. The air-particulate samples of Harmattan dust(discussed later) were 
collected at two locations in two different cities about 1000km apart during the dry 
season, in January 1989, whereas the analysis of the soil samples was carried out to 
study the contamination of surface and sub surface soil layers by effluent of two
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cement factories and its dependence on the distance from these factories. This study 
is also a part of the Lome III agreement which has been mentioned in chapter 7. The 
size fractionated air-particulate samples were analyzed for their elemental content by 
PIXE and for their size distribution by a scanning electron microscope(SEM). The soil 
samples were analyzed using PDCE as well as instrumental neutron activation analysis 
(INAA).
8.2 The Harmattan Dust
The Nigerian climate is characterized by a cool, dry North-Eastern seasonal 
wind known as ’Harmattan’ which blows between November and March, though this 
period may slightly vary from year to year. The wind and its associated dust is known 
since ancient times. Its detailed description was recorded by Dobson[DOB81], for the 
first time, in the late eighteen century who also mentioned the quite interesting belief 
of the local people of that time who considered that the Harmattan wind was 
beneficial as a natural cure of certain diseases. A cloud of dust accompanies the 
Harmattan which is thought to originate from the Faya Largeau area of the Chad Basin 
located in the Sahara desert[HAM45, MCK58], situated North-East of Nigeria. The 
trajectories and source of the Harmattan dust air-particulates are shown in figure 8.1, 
taken from a paper by Simoneit[SIM88]. The dust flown from its source, the Chad 
Basin, travels downwind towards coastal cities of Africa, at an altitude of 600-900m 
as reported by Kalu[KAL79]. Although the prevalent Harmattan wind direction takes 
the dust towards south-west, there is evidence that the dust may occasionally tiavel 
thousands of kilometres towards Europe. For example, Pitman recorded the presence
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Figure 8,1: Origin and trajectories of the Harmattan dust.
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of the Harmattan dust particles which reached the United Kingdom in 1968[PIT68]. 
It is a general observation that poor visibility is caused by the Harmattan dust. 
However, more scientific data was collected by McTainsh[MCT80] who observed a 
strong inverse correlation between visibility and dust deposition(r=-0.84, p<0.05) and 
between solar radiation and dust deposition(r=-0.79, p<0.1). He also noticed that 
higher wind speeds resulted in more dust deposition.
The high dust fluxes, characteristics of the Harmattan dust, contain particles 
of various sizes among which a considerable proportion may be inhaled and cause 
health related problems. Garcia et al[GAR89] observed cellular injury of human and 
bovine endothelium caused by respirable environmental particulates. Concern has been 
expressed about the possible effects of the Harmattan dust. It has already been 
reported by Adepetu et al[ADE88B] that muscular pains, inhalation problems and 
irritation in the eyes are related with the Harmattan dust. Continued and cumulative 
ingestion of the Harmattan dust over a span of its normal duration may result in 
accumulation of certain elements in the body and pose health hazards. Therefore, size 
fractionated elemental analysis of the Harmattan dust may provide a way of assessing 
these hazards.
8.3 Sampling of the Harmattan Dust Particulates
Filters, connected to air sampling pumps, are normally used for sampling of 
air-particulate matter. These filters, broadly speaking, come into two categories; the 
fibrous filters and the membrane filters. Filters chosen in the present work were the 
Whatman-41 filter papers which fall into the first group. Membrane filters have
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previously been used in streak samplers[GIL79] where time dependent variations in
the environmental pollution were of interest. However, we preferred the choice of
Whatman-41 because of its low blank elemental concentrations. Spyrou et al[SPY76]
lowtYdetected tv number of elements andy/ concentrations in the Whatman-41 filter 
paper(excluding the nuclepore membrane filter which was shown to be the cleanest 
but was excluded in the present study because of its higher cost) than in the Millepore 
membrane filters. Study by Dams et al[DAM72] also showed that lowest levels of 
blank concentrations of various elements are found in the Whatman-41 filter 
paper(they did not analyze the nuclepore filter). Concern has been expressed about the 
possible loss of submicron particles because of the low collection efficiency of 
Whatman-41 for such particles. However, studies indicate that it is not quite true. 
Results by Linderken et al[LIN63] show that collection efficiency of Whatman-41 for 
0.365|im aerosols is well above 15% which increases with time and reaches to 97% 
after 30min sampling time. Dams et al|DAM72] compared its collection efficiency 
with a polystyrene filter and found no or very little difference in their relative 
collection efficiency. They showed that concentration of 25 out of 30 elements as 
determined from particulates collected on both the filters agreed to within one standard 
deviation[DAM72] which also indicates similar collection efficiencies of both the 
filters. Their data also showed that tensile strength(measured in kg.cm'^) of the 
Whatman-41 filter paper is more than four times the highest value found among other 
filter types. Therefore, use of Whatman-41 for collection of the Harmattan dust 
particles, with inherent heavy dust loads, was perhaps the optimum choice.
The samples were collected, by the Nigerian counterparts of the EEC-Nigeria
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project, at two distant locations. One sampling station was located at Kano, one of the 
main cities of Nigeria which is situated in the north of the country and as such is 
close to the Faya Largeau area of the Chad Basin. The other sampling station was at 
Ile-Ife which is down in the south and is about 2000km away from source region of 
the Harmattan dust. At Kano, the samples were collected at a height of 10 feet above 
ground level whereas at Ile-Ife the sampler was placed on the roof of a three floor 
building at the University. A six stage cascade impactor high volume air 
sampler(Sierra 350) was used for collection of the samples. A typical cascade impactor 
consists of a number of stages with each stage comprising of a single or multiple 
nozzles and impaction plate. In the Sierra sampler the number of stages are as many 
as six among which the sixth stage is used for holding the back-up filter. All the other 
stages have rectangular slit type multiple nozzles. The sampling errors associated with 
the cascade impactors like wall losses, bounce-off and blow-off, may reduce the 
collection efficiency. However, Heindryckx and Dams[HEI81] proclaim that use of 
fibrous material like Whatman-41 filter paper instead of thin film impaction surfaces 
reduces these losses to a large extent. A further reduction in such losses can be 
achieved if filter paper is coated with vaseline or some other similar agent, as found 
by Lawson[LAW80]. Therefore, the slotted filter paper was coated with vaseline. The 
nominal air flow rate through the Sierra air sampler is I.I3mVmin. The filter papers 
were weighed before and after the sampling in a humidity controlled area to measure 
the total suspended particulate mass(TSPM). The samples taken were packed in 
individual polyethylene bags and sent to the University of Surrey for analysis.
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8.4 Target Preparation and Analysis
The target plate was prepared by cutting a 5mm wide piece of filter paper from 
the middle of a strip at each stage and pasting it on aluminium backing plate using 
double sided adhesive tape. From knowledge of TSPM at each stage and the 
dimensions of the deposit, thickness of the airparticulate deposits was calculated to be 
in the range of 1.5 to 2.7mg/cm^ Therefore, a standard was prepared by sprinkling 
IAEA soil-7 powder and pasting it evenly on a blank filter paper. Eight mg of powder 
was spread evenly on 2x2cm^ area thereby to produce a standard of 2mg/cm^ 
thickness. The samples were analyzed for elemental content by a 2MeV proton beam 
impinging on the samples. PIXE and RBS spectra were collected simultaneously.
8.5 Results and Discussion
A blank Whatman-41 filter paper which was packed in a polyethylene bag and 
sent along with the other samples to the UK was also analyzed for blank elemental 
concentrations. The results are given in table 8.1 and compared with blank values for 
the Whatman-41 filter paper as quoted by Dams et al[DAM72]. All the elements 
except Zn and Br were found to be at relatively higher concentrations as compared to 
the published values. Since no dust contamination was found on the blank filter paper, 
as shown by the electron micrographs of the blank paper in figure 8.2, it was thought 
that the elements may have been present in the vaseline coating. These blank values 
are negligible compared to the elemental concentrations determined in the 
airp articulates. For example, the concentration of Fe and Ca is 38.4jig/cm^ and 
45.4jig/cm^ respectively at stage-3 of the cascade impactor sample taken at Ile-Ife.
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Therefore, final results were not corrected for the blank concentrations. SEM was used 
to determine particle size at each stage of the cascade impactor samples. The 
arithmetic mean, geometric mean, mode, median and mass median aerodynamic 
diameter(MMAD) for each stage and all the stages added up together are given in 
table 8.2. It was not possible to determine particle size at stage-6(back-up filter) due 
to coagulation of submicron particles. The ICRP dust deposition model for 
respiratory tract[ICR79] categorizes the aerosols according to their MMAD as is 
shown in figure 8.3. Therefore, it seems logical to treat the airparticulates with respect 
to their measured MMAD. It can be seen from table 8.2 that the MMAD is highest 
at the first stage of the cascade impactor and reduces along the following stages, as 
expected, both in Kano and Ife. MMAD at all the stages in the Kano samples is 
slightly higher than that at the corresponding stages in the Ife samples. However, 
significant difference is only found at stage-3. Percentage of coarse particles(>3|im) 
at stage-3 in Kano was almost twice that at the corresponding stage in Ife which might 
have shifted the MMAD towards a comparatively higher value at Kano. When 
percentage of coarse and fine particles in the whole dust(all five stages added up 
together) was compared it was found that higher proportion of fine particles(<3|im) 
prevails at Ife. The proportion of submicron particles at Ife is more than twice that 
found at Kano; 10% compared to 4.8% respectively. This means that as the dust 
travels away from the source area the larger particles are lost by gravitational settling 
whereas the finer particles are transported to longer distances with a relatively smaller 
loss. Figure 8.4 shows the distribution of size fractionated TSPM at Kano and Ife. It 
can be seen that highest dust load at Kano is contributed by the coarse particles(stage-
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Table 8.1: Blank elemental concentrations(ng/cm^) in Whatman-41 filter paper.
Element This work Published[D AM7 2]
K 101 ± 5.2 15
Ca 708 ± 100 140
Ti 35 ± 13 10
Mn 11.6 ±0.3 0.5
Fe 500 ± 85 40
Zn 9,3 ± 0.7 <25
Br 3.5 ± 0.2 5
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Table 8.2: The Harmattan dust particle size(p,m) as measured by the SEM.
Stage# Mean G.M.® Mode Median MMAD >3jun' Place
1 7.8 7.1 8.0 7.4 7.6 96
2 6.4 5.9 6.0 5.8 5.9 92
3 3.3 2.6 2.0 2.5 2.8 38 I
4 2.0 1.7 2.0 1.6 1.7 14 F
5 2.3 1 .8 2.0 1.5 1.7 23 E
Alf 4.4 3.2 1.5 3.5 4.6 52
1 7.3 6.8 7.0 7.7 7.8 96
2 6.8 6.3 6.0 6.2 6.3 94 K
3 4.2 3.8 3.0 3.8 3.9 62 A
4 2.3 2 .1 2.0 2.0 2.0 16 N
5 2.5 1.8 2.0 1.5 1.8 22 0
All^ 4.6 3.6 3.5 4.0 4.6 58
@ Geometric mean. * Percentage of particles with size greater than 3|im. 
$ All the stages added up together.
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Figure 8.2: Scanning electron micrographs of blank filter paper.
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2) while at Ife the highest contribution comes from the fine particles(stage-6). Adding
all the stages gives accumulated TSPM, averaged over less than 10 hours collection
time, which turns out to be 340.12p,g/m^ at Ife and 1266.7lig/m^ at Kano, the
difference as expected is due to proximity of Kano to the source area. These values
,CS05A)
are far above the national air quality standards/for air-particulate matter which are 
75]LLg/m^  as annual geometric mean and 260|ig/m^ as the maximum 24 hour 
concentration not to be exceeded more than once a year[MIL71].
Detection limits for the elements detected by the PIXE technique in the air- 
particulate samples are given in table 8.3. Concentrations of Cl and Cu were 
determined by the absolute method because certified value of Cl concentration is not 
given in the IAEA soil-7 standard and Cu was, most of the times, below the detection 
limit in the standard. Although the detection limits may change from sample to 
sample, the values given in table 8.3 provide a general indication of suitability of the 
PIXE technique in analysis of small quantities of air-particulate deposits. Total 
elemental concentrations obtained by adding the contribution from all the impactor 
stages at Ife and Kano are given in table 8.4. All the elements except Rb are at 
elevated concentrations in Kano as compared to those in Ife. This may probably be 
due to the relatively higher value of TSPM at Kano, though the ratio of elemental 
concentrations does not quite match with the ratio of TSPM in both cities. When 
elemental concentrations at Ife and Kano are compared with those obtained in two 
other cities in the world, namely Toronto, Canada[PAC76] and Recife, Brazil[GRI82], 
it is found that most of the elements in the environment of Kano and Ife are relatively 
at higher concentrations except Cl in Recife, Cu in Toronto and Br and Pb in both the
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N-P is nasal passage and P is pulmonary region of the respiratory system.
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Figure 8.4: Distribution of TSPM at Ife and Kano along impactor stages.
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cities which are due to sea spray, industrial exhausts and traffic exhaust, respectively. 
Although all the elements except the above four are at higher concentrations in Ife and 
Kano compared to those found in the environment of other industrial cities of the 
world, the assessment of consequent health hazards may not be easy unless the 
chemical fonn of the elements is also known.
Figure 8.5 plots size fractionated elemental concentrations in the aii-particulates 
at Ife and Kano. It is generally observed that the highest elemental concentrations are 
associated with stages 3 and 6 at Ife and to stages 3 and 5 at Kano. The higher 
elemental concentrations associated with stages 3 and 6 at Ife may be due to 
correspondingly higher TSPM at these stages as compared to other stages(see figure 
8.4). However, a similar relationship was not established at Kano. The higher 
elemental concentrations associated with stages 5 and 6(<2fim) may be of concern due 
to health related effects, as it is known that about 20% of such particles are deposited 
in the pulmonary region of lungs[ICR79]. The lowest concentrations were found to be 
associated with stage 4 at Kano and stage 1 at Ife which follows a general pattern of 
TSPM. Different behaviour of Cu at Ife could not be explained.
Mean elemental composition of the Harmattan dust(in |ig/g) was also 
determined from the samples collected at Kano and Ife to compare with other 
published values. The results are given in table 8.5. Values of elemental concentration 
in the Harmattan dust at Ife and Kano have a general agreement with those published 
from earlier studies of the Harmattan dust composition at Ife[ADE88B, ADE89] 
except for Ca and Br. Difference in the Ca concentration could not be understood. 
However, as far as Br is concerned, the big variation in an earlier study[ADE88B] was
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Figure 8.5: Size fractionated air-particulate concentrations(ng/m^) at Ife and Kano.
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Table 8.3: Detection limits obtained for the elements detected in the
air-particulates.
Element Detection limit(ng/m^)
Cl 79.2
K 12.6
Ca 13
Ti 1.9
Cr 1.5
Mn 1.3
Fe 1.5
Cu 0.18
Zn 0.34
Ga 0.69
Br 0.07
Rb 2.9
Sr 4.56
Zr 5.3
Pb :L28
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Table 8.4: Air-particulate elemental concentrations(ng/m^) at Ife and Kano.
Element Ife Kano [PAC76] [GRI82]
Cl 428 ± 52 2300 ± 224 400 - 1900 30900
r 6.3 ± 0.4 27.5 ± 2.0 0.39 - 1.6 0.98
Ca* 13.2 ± 0.6 85.6 ± 6.9 2.4 - 9.6 2.36
Ti* 1.64 ± 0.5 9.7 ± 0.8 0.08 - 0.2 0.36
Cr 12 ± 0.8® 82.6 ± 8.3 20 13
Mn 225 ± 16.5 1305 ± 119 40 - 170 19
Fe* 9.65 ± 0.5 73 ± 2.7 1.9 2.63
Cu 26.8 ± 1.4 174 ± 15 100 - 700 6.2
Zn 41 ± 3 166 ± 8.5 70 39
Ga 4.5 ± 1® 28 ± 3.5 --- 1.6
Br 4.2 ± 0.2 12.5 ± 1.4 90 - 590 49
Rb 21 ± 1.6 15 ± 4.3 — 4.1
Sr 114 + 46 717 ± 164 — 23
Zr 99.3 ± 27® 452 ± 116® 16 —
Pb 21.7 ± 2.6® 61.8 ± 16® 280 - 1800 78
* Concentration is in |ig/m^. @ These elements were not detected
at 1 or 2 stages where detection limit was used.
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attributed to contribution from Br containing pesticide residues and automobile 
exhausts. Therefore, the lower Br value obtained in the present work may represent 
background level of the element in the dust with very little anthropogenic 
contributions. Concentration of Ca, Cr, Mn, Fe and Sr were higher at Kano. Elevated 
levels of Cr, Mn and Fe may probably be due to industrial aerosols, for example iron 
and scrap metal smelters, condensing on the dust particles since Kano is the biggest 
industrial city in northern Nigeria as compared to Ife which is a small university town 
with no major industries. Difference in the Ca concentiation may perhaps be due to 
contribution from local soils with different Ca content. The very big range of Ca 
concentration in the Harmattan dust has also been reported by Adedokun[ADE89] 
which signifies the inherent variations in Ca content of the Harmattan dust. 
Composition of street dust in Sicily, Italy[BON88] has also been given in table 8.5. 
Concentration of Zr in the Harmattan dust is higher than that of the street dust which 
is thought to be due to the higher proportion of Zr containing particles of sand. Lead 
is one of the toxic elements known to affect the nervous system[GOY72]. Pb 
concentration of the Harmattan dust was found far below the range quoted by Boni 
et al[BON88] in the street dust, which as stated, was due to automobile exhaust. 
Therefore, it may be inferred that the Pb level determined in the present study is 
mainly the background level with very little contribution from automobiles and the 
local environment may be considered clean as far as Pb levels are concerned.
This study shows that during the Harmattan season concentrations of most of 
the elements in the Nigerian environment, specially in the north of the country, are 
quite high and above the values which are characteristic of some big industrial cities
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elsewhere in the world. Although most of these are soil-derived and as such might be 
thought relatively harmless, detrimental effects of such high concentrations on human 
health might be of great concern.
8.6 Analysis of Contaminated Soils
Importance of trace elements to animal and human nutrition cannot be over­
emphasized. Human beings and animals derive their trace element quota through 
various pathways in the biosphere among which the main source is always food 
intake. The food commodities which are consumed by the human beings are very 
many. However, the major supply always originates from animal and vegetable/plant 
sources. A small amount of trace element intake also comes from ingestion/inhalat 
ion of air-particulate matter, resuspended dust and water supplies. Soil is by far the 
prime contributor of trace elements reaching the human beings through different routes 
which have been summarized above, Soil-plant-animal(including man) interactions are 
very complex. However, a simplified model indicating various pathways of trace 
elements intake by the human being is shown in figure 8.6 which highlights the key 
position of soil.
There is ample evidence that the trace element status of local soils is reflected 
by the health status of the population residing there, consuming locally available food 
and drinking water from local supplies. For example, it is well known that high 
incidence of goitre in certain areas of the world is correlated with the low iodine 
levels in the soil of those areas as also indicated by Goldschmidt[GOL54] while 
explaining the reason behind low I status of such soils. Marjanen[MAR72] argues that
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Figure 8.6: A simplified model indicating pathways of trace element intake
by human beings.
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incidence of cancer is reduced with increasing Mn concentration in the cultivated soils. 
Augustin and Zejda[AUG91] found that more than 95% of Czechoslovakian 
communities with high incidence of cancer of digestive organs, lymphomas, leukaemia 
and all childhood cancers were living in the areas with tectonic faults which allowed 
heavy metals to intrude to the surface. High content of certain elements in the soil 
may occur naturally and affect the plant life as well. Johnson[JOH75] gathered 
evidence of naturally occurring high levels of Se and related toxicity of certain 
vegetable species growing on the sites. Anthropogenic activities may also alter the 
trace element content and soil chemistry of top soil layers(important for vegetable 
growth) of the affected areas. Control of such activities may, therefore, be required in 
situations where effects arethought to be harmful to plant and animal life. Proper and 
efficient control cannot be exercised unless the relevant soils are analyzed to establish 
the extent of contamination caused by man made activities.
Cement production is one of the industrial activities which may influence the 
environment and the surrounding soils. Concern has been expressed about emission 
of certain toxic elements like Hg[FUK86] and Cd[MUR76, TAK77, TAK78] and 
consequent contamination of the environment. Contamination of soils by cement dust 
and its influence on plant life has also been a matter of concern [ODU90, ASU91, 
SIN80]. Residents around cement works in Nigeria have often complained of damage 
to their crops as well as to their health [OLE 84]. In fact, damage to plant life[ODU90, 
SIN80] and deleterious effects on human lung function[KAL73, KAL73B, SAR76, 
OLE84, SHA88] of the cement dust have previously been reported.
In the present study FIXE analysis was employed in elemental analysis of soils
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which were suspected of contamination by effluents of two cement factories in 
Nigeria. Instrumental neutron activation analysis technique was also used to determine 
levels of certain heavy metals and to complement the results obtained by the PIXE 
technique.
8.7 Sample Collection, Target Preparation and Analysis
Soil samples were collected within and around two factory premises. The two 
WAPCO(West African Portland Cement Company) cement producing plants are 
situated at Sagamu(site A) and Ewekoro(site B). These are two southern towns in 
Nigeria. The samples were collected during the dry season(the Harmattan season). 
South westerly winds of 3 to 7 knots are typical for the two neighbourhoods for most 
of the year. Four sampling locations were selected for each factory; one within the 
premises of the factory, one upwind from the factory and two downwind from the 
factory. The sampling locations are listed in table 8.6 for both of the sites. Samples 
were also collected at various depths at Aj, A^ , Bj and B^(see table 8.6) to see the 
trend of elemental concentrations along soil depth. The samples were air-dried, packed 
in polyethylene bags and brought to the University of Surrey for elemental analysis 
where they were crushed into fine powder by pestle and mortar before target 
preparation. The targets were prepared, as usual, by sticking 7mm diameter pellets on 
aluminium backing plate and were carbon coated later on. For INAA, 40 to 60mg of 
soil samples were put in polyethylene capsules with inner dimensions of 13mm 
diameter x 4mm depth. The capsules were previously cleaned by washing them with 
demineralized water and then soaking in 8 Molar HNO3 for two days. The capsules
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Table 8.6. Sampling locations for Sagamu(site A) and Ewekoro(site B) factories.
Site Ai A2 A3 A4
A Factory
Premises
IKm
Upwind
1.2Km
Downwind
5.5Km
Downwind
Site B3 B4
B Factory
Premises
IKm
Upwind
4.3Km
Downwind
9.5Km
Downwind
were finally washed with demineralized water and kept in a laminar flow hood for 
drying.
PIXE analysis was carried out by irradiating the samples with a 2MeV proton 
beam while for INAA the samples were packed in an outer polyethylene capsule 
containing ten to eleven samples and a Zr wire to monitor thermal neutron flux. These 
samples were irradiated in the core tube facility of the Imperial College Reactor 
Centre for a week. The samples were counted for y-ray spectrum analysis on Ge(Li) 
detector coupled to a ND66 MCA/computer terminal in the Physics Department of the 
University of Suney. A waiting time of 130 hours was given between end of 
irradiation and start of counting as the samples were too hot to count without waiting 
time and gave very high dead time. IAEA soil-7 multielemental reference standard 
was used as a comparator in both the techniques.
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8.8 Results and Discussion
Complementary analysis of soil samples by PIXE and INAA techniques made 
detection of 30 elements possible out of which 21 elements were detected by PIXE, 
18 by INAA and 9 elements namely K, Ca, Cr, Fe, Co, Zn, As, Br and Rb were 
detected by both the techniques. Typical detection limits in the soil samples are given 
in table 8.7. Among the elements detected commonly, PIXE resulted in better 
detection limits for K, Ca, Cr, Fe, Zn, and Rb whereas superior detection limits were 
obtained by INAA for Co, As, and Br. However, performance of the PIXE technique 
in obtaining low detection limits in about lOmin irradiation time as compared to 
36hours irradiation for INAA is characteristic. INAA seems to have an edge in 
detecting low levels of some heavy elements which could not be detected by 
PIXE(except Pb). Concentrations of the commonly detected elements as determined 
by both the techniques were generally comparable as shown in table 8.8 for sample 
Ai(0-6cm). Therefore, for consistency, only PIXE results for these elements have been 
quoted in the subsequent tables. For elements Sc, La, Ce, Sm, Eu, Yb, Hf, Th and Na 
the INAA results have been presented. Activity of a blank irradiated capsule and that 
from the background, as shown in table 8.9, indicated that there was no contribution 
to these elements other than that from the soil samples. Concentration of Cl and Cu 
were calculated by the absolute method due to the same reason as explained in the 
case of air-particulates. The results of elemental concentrations in the soil samples 
taken at various distances from the factories and at various depths within and outside 
the factories are given in tables 8.10 to 8.15.
The major elemental component of cement is invariably Ca which is
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Table 8.7: Typical detection liraits(p.g/g) as obtained for the elements
detected in the soil samples.
Element FIXE INAA
Na --- 28
Cl 863 —
K 141 717
Ca 44.8 2110
Sc --- 0.8
Ti 19.5 —
Cr 5.4 28
Mn 16.8 ---
Fe 16.2 2811
Co 2.8 1.6
Ni 10.6 —
Cu 3.6 —
Zn 5.7 16
Ga 1.9 —
As 5.3 0.8
Se 2.7 >8
Br 3.8 1.0
Rb 9.6 22
Sr 20.4 ---
Y 5.5 ---
Zr 140 ---
Nb 30 ---
La --- 1.2
Ce --- 9.8
Sm --- 0.4
Eu --- 0.09
Yb --- 0.4
Hf --- 1.6
Pb 12 —
Th — 0.7
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Table 8.8: Concentrations of the elements detected in common
by the PIXE and the INAA techniques.
Element PIXE INAA
K 2810 ± 596 2539 ±310
Ca* 22.4 ± 2.9 19.8 ± 2.0
Cr 192 ± 38 152 ± 32
Fe* 2.7 ± 0.2 2.2 ± 0.4
Co 10 ± 1 7.3 ± 0.8
Zn 72.7 ± 9.7 60 ± 5
As 13.3 ± 4 16 ± 1.6
Br 6.7 ± 1.8 8 ±0.7
Rb 34.8 ± 2.3 28 ± 2
* The concentrations are in percent.
Table 8.9: Activity in the blank polyethylene capsule and from the background.
Isotope Activity(counts/min) Category
Pb214
Bi214
1.2 ± 28% 
1.4 ± 11%
Background
Ci^'
Au'"'
Br'"
1.7 ± 15% 
9.2 ± 5% 
1.0 ± 15%
Blank
Capsul
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incorporated via use of limestoneCCaCOj) and gypsum(CaS04) as raw materials. 
Therefore, any variation in relative concentration of Ca would be considered as an 
indication of contamination by the cement dust. Table 8.10 shows that Ca 
concentration rapidly reduces moving away from the factory at Sagamu(site A). This 
means that contamination dies down at farther distances from the factory, which is as 
expected. It is interesting to note that Ca concentration at A3 is higher than that at A% 
while both the locations are roughly at the same distance from the factory. This is 
because location A3 is downwind from the factory whereas A2 is upwind therefore, 
more pollution is driven to site A3 than to site A2. Concentrations of K, Cr, Fe, Rb and 
Sr also reduce in going away from the factory premises however, the highest 
concentration of Fe was observed at A4. Cl and Ni, although not detected at ail the 
locations, show the same tendency. Si, Ti, Mn, Zn, Ga, Br, Zr, La, Ce, Hf, Pb and Th 
are found to be at relatively higher concentrations at locations farther away from the
factory. Si and Ti are two major elements present in the Earth’s crust therefore, it is 
quite expected that contamination of upper soil layers by cement dust near the factory 
will have relatively lower their concentrations. Although a cement sample was not 
analyzed for its elemental composition however, these results indicate that the second 
category of the elements(Ti-Th) are relatively at very low concentrations in cement 
as compared to their concentration in the surrounding soil. It is noteworthy that Br and 
Pb are also associated with motor vehicle emissions while tyre wear and tear is known 
to contribute to environmental levels of Zn[GRI82]. Therefore, higher concentration 
of these elements at location A4 as compared to that at A^  may probably be due to 
vehicular exhausts since location A4 is near a hospital where traffic flow is 
concentrated. Although vehicular activity in the factory is thought to be comparable
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Table 8.10: Elemental concentrations(|ig/g) in the soil at various distances
from Sagamu factory(0 - 2cm).
Element A, A3 A4
Si* 19 ± 3.8 42.4 ± 8.5 37.7 ± 7.5 36.8 ± 7.4
Na 366 ± 68 195 ± 40 343 ± 69 322 ± 66
Cl — 4210 ± 450 2576 ± 538 2506 ± 277
K 3289 ± 142 2857 ± 188 2735 ± 107 2909 ± 125
Ca* 19 ± 0.8 1.6 ± 0.2 2.6 ± 0.1 0.8 ± 0.04
Sc 5.2 ±0.1 3.6 ±0.1 3.7 ± 0.1 9.6 ± 0.3
Ti 2594 ± 349 8362 ± 870 5486 ± 565 7204 ± 571
Cr 108 ± 8.7 85.2 ± 3.4 75.2 ± 13.6 88.4 ± 13.4
Mn 427 ± 32 388 ± 25 857 ± 73 516 ±42
Fe* 1.8 ± 0.04 1.7 ± 0.05 1.1 ± 0.03 3.7 ± 0.06
Co 6 ± 1 3 ±0.5 4.6 ± 0.7 11.8 ± 2
Ni 25.6 ± 11.8 — 15.6 ±4.4 --------
Cu — 11.4 ± 1.2 7.8 ±1.3 10,4 ± 3
Zn 73 ± 4.3 257 ± 8.5 113 ±4.8 224 ± 2.4
Ga — 9.5 ± 0.8 16.6 ± 2.0 29.8 ± 3.1
As 9.8 ± 3 3.8 ± 1.2 4.3 ± 1.6 6.8 ± 2.2
Se — — --- 7.2 ± 1.4
Br 7.2 ±2.1 5.5 ± 0.9 7.7 ± 1.3 12.8 ± 2.5
Rb 29.4 ± 9.6 25.5 ± 6.8 23.2 ± 7.6 86.6 ± 28.7
Sr 149 ± 23 53 ± 5.7 23.2 ± 7.6 86.6 ± 12.6
Y — — — --------
Zr 167.7 ± 44.3 604 ±168 2176 ± 379 1063 ± 367
Nb — 19.7 ± 3 4.5 ± 0.5 11 ± 1.4
La 2 ± 0.09 13.7 ± 0.6 5 ±0.2
Ce 43.7 ± 5.7 22.6 ± 3.2 34.3 ± 4.2 96.6 ± 11.5
Sm 4.2 ± 0.4 1.2 ± 0.1 2 ± 0.2 5.9 ± 0.5
Eu 0.5 ± 0.1 0.6 ± 0.1 —
Yb 2 ±0.3 1.9 ± 0.3 2.3 ± 0.4 5 ±0.8
Hf 6 ±0.7 28.5 ± 2.7 17.8 ± 1.6 26 ± 2.5
Pb — 32.5 ± 5.2 22.9 ± 4.1 62 ±3.1
Th 5.7 ± 0.8 6.2 ± 0.9 6 ±0.9 15.2 ± 2
Si/Ca® 1.0 26.5 14.5 46
* Concentrations are in percent. @ The concentration ratio.
224
Chapter 8
Table 8.11: Elemental concentrations(|ig/g) in the soil at various depths (cm)
inside Sagamu factory(AJ.
Element 0 -2cm 0 -6cm 5 -15cm 15 -30cm
Si* 19 ± 3.8 22 ± 4.4 32.5 ± 6.5 35.9 ± 7.2
Na 366 ± 68 822 ± 185 307 ± 70 254 ± 56
Cl — 36200 ± 8000 — —
K 3289 ± 142 2810 ± 596 2739 ± 238 2252 ± 230
Ca* 19 ± 0.8 22.4 ± 2.9 13.5 ± 0.8 3.5 ± 0.3
Sc 5.2 ± 0.1 4.9 ± 0.1 6 ±0.2 7.8 ± 0.3
Ti 2594 ± 349 3987 ±518 9253 ± 2230 12092 ±1484
Cr 108 ± 8.7 152 ± 38 178 ± 35 246 ± 41
Mn 427 ± 32 378 ± 49 714 ± 89 855 ± 61
Fe* 1.8 ± 0.04 2.7 ± 0.2 4.6 ± 0.6 8.6 ± 0.7
Co 6 + 1 10 ± 1 12 ± 2 13.7 ± 1.4
Ni 25.6 ± 11.8 12.5 ± 3 33.3 ± 11.8 —
Cu — — — —
Zn 73 ± 4.3 72.7 ± 9.7 133 ± 20 151 ± 38
Ga — — 24.2 ± 8.2 4 9 ±  18
As 9.8 + 3 13.3 ± 4 17.3 ± 7 12 ± 2.7
Se -------- 3.8 ± 0.8 6 ±  1 —
Br 7.2 ± 2.1 6.7 ± 1.8 8 ±3.6
Rb 29.4 ± 9.6 34.8 ± 2.3 58 + 17 74.5 ± 23.5
Sr 149 + 23 212 ±28 208.5 ± 39 110 ± 18
Y -------- 7.3 ± 1.6 5.2 ± 1.2 --------
Zr 167.7 ± 44.3 507.5 ± 168 1885 ± 384 961 ± 207
Nb 14 ± 3 -------- 16 ± 4
La 2 ± 0.09 21.6 ±0.9 24.4 ± 1 31 ± 1.3
Ce 43.7 ± 5.7 43.5 ± 5.5 44.5 ± 6.4 63 ± 8.6
Sm 4.2 + 0.4 3.4 ± 0.3 3 ± 0 .2 4.1 ± 0.3
Eu — 0.6 ±0.1 0.6 ±0.1
Yb 2 ±0.3 2.5 ± 0.5 2.2 ± 0.4 2.7 ± 0.5
Hf 6 ±0.7 10.6 ± 1.4 20.3 ± 3 39.8 ± 5.3
Pb — 85.9 ± 17.7 41.6 ± 13.6 81.8 ± 26.7
Th 5.7 ± 0.8 6 ±0.8 7.7 ± 1 11.5 ± 1.6
Si/Ca® 1.0 0.98 2.4 10.26
* Concentrations are in percent. @ The concentration ratio.
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Table 8.12: Elemental concentrations(jig/g) in the soil at various depths (cm)
at 5.5Km away from Sagamu factory(AJ.
Element 0 - 2cm 0- 6cm 5 - 15cm 15 - 30cm 30 - 50cm
Si* 36.8 ±  7.4 38.9 ±  7.8 44.1 ±  8.8 42.5 ±  8.5 43.1 ±  8.6
Na 322 ±  66 659 ±  146 142.2 ± 31 .6 254 ±  56.4 114 ± 2 5
Cl 2506 ±  277 2786 ±  261 1632 ±  170 2963 ± 3 8 5 2583 ±  421
K 2909 ±  125 6131 ±  1229 3279 ±  251 1943 ±  161 1695 ±  136
Ca* 0.8 ±  0.04 0.79 ±  0.1 0.2 ±  0.003 0.2 ±  0.009 0.12 ±  0.01
Sc 9.6 ±  0.3 3.9 ±  0.1 4.6 ± 0.2 7.8 ±  0.3 4.3 ±  0.1
Ti 7204 ±  571 8210 ±  883 4157 ±  830 5884 ±  1194 3815 ± 7 1 5
O r 88.4 ±  13.4 84 ±  3.4 90.3 ±  22 94.5 ±  10 94 ± 2 2
Mn 516 ±  42 647 ± 4 0 257 ± 31 323 ±  37 205.8 ±24
Fe* 3.7 ±  0.06 1.8 ±  0.04 1.3 ±  0.03 2.1 ±  0.05 1.7 ±  0.06
Co 11.8 ± 2 9.8 ±  1.2 8.1 ± 2 15 ± 3 10.2 ±  2.5
Ni — — . . . . . . —
Cu 10.4 ± 3 7.7 ±  1.0 9.7 ±  1.0 12.9 ±  1.5 9 ±  1.4
Zn 224 ±  2.4 167 ±  6.2 94 ± 12.7 268 ±  14.8 112 ± 6 .4
Ga 29.8 ± 3.1 18.5 ±  2 22.6 ±  1.0 21.4 ±  1.3 20.6 ±  2.2
As 6.8 ±  2.2 4.0 ±  0.9 6.9 ±  1.2 13 ±  2.7 5.8 ±  1.2
Se 7.2 ±  1.4 — 3.3 ±  0.7 3.8 ±  0.8 3 ± 0 .8
Br 12.8 ± 2.5 27.6 ± 15.8 5.1 ±  0.9 7 ± 0 .3 5.5 ±  0.5
Rb 86.6 ±  28.7 73.7 ±  11.5 — — —
Sr 86.6 ±  12.6 73.7 ±  5.7 25.5 ±  8.8 29.8 ± 7.5 27.6 ± 5.8
Y — — — 22.9 ±  6 11.9 ± 4 .7
Zr 1063 ±  367 1153 ± 2 5 0 1609 ±  294 2139 ±  357 588 ±  107
Nb 11 ± 1.4 16.4 ±  1.8 . . . — —
La 5 ± 0 .2 35.5 ±  1.5 24.3 ±  1.0 31 ±  1.3 28 ±  1.2
Ce 96.6 ± 11.5 72 ±  8.8 . . . 63 ±  8.6 62 ±  7.6
Sm 5.9 ±  0.5 4.3 ±  0.3 3.2 ±  0.3 4.1 ± 0 .3 3.3 ±  0.3
Eu — 0.5 ±  0.1 0.5 ±  0.1 0.5 ±  0.1 0.6 ±  0.1
Yb 5 ± 0 .8 0.9 ±  0.2 2.1 ±  0.5 2.7 ±  0.5 1.1 ± 0 .3
Hf 26 ±  2.5 23.3 ±  3.2 18.5 ±  2.6 39.8 ±  5.3 13.3 ±  2
Pb 62 ±  3.1 40.5 ±  6.8 36 ±  10.4 110 ± 2 8 .2 27.3 ±  6.6
Th 15.2 ±  2 2.3 ±  0.3 10.3 ±  1.4 11.5 ±  1.6 11.8 ±  1.6
Si/Ca® 46 49.2 220.5 212.5 359.2
* Concentrations are in percent. @ The concentration ratio.
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Table 8.13: Elemental concentrations(|ig/g) in the soil at various distances
from Ewekoro factory (0 - 2cm).
Element B, B3 B4
Si* 14.5 ± 2.9 30.2 + 6 41.2+8.2 41 ± 8.2
Na 369 ± 75 259 + 53 313 + 63 191 ± 38
Cl 43000 ± 8000 22000 ± 500 3000 ± 100 —
K 5907 ± 1465 5949 + 1464 3239 ± 431 1876 ± 320
Ca* 30 ± 1.3 10.2 ± 0.9 0.9 ± 0.1 3.4 ± 1.0
Sc 2.9 ± 0.09 9.5 + 0.3 3.4 ± 0.1 4.8 ± 0.1
Ti 8915 ± 77.7 5066 + 666 5116 + 226 2650 ± 457
Cr 149 ± 20.7 448 ± 100 166 + 25 73.5 ± 11.2
Mn 287.3 ± 15 360 + 30 469 + 71 611 ±87
Fe* 0.9 ± 0.02 5.1 + 0.1 1.6 + 0.3 1.8 ± 0.4
Co 8.2 ± 1.2 15 + 2 3.3 + 0.5 3.9 ± 0.7
Ni 31.2 ± 8.1 30 ± 5.3 — --------
Cu 9 ±  1.7 — 9 ± 2 --------
Zn 113 + 52 96 ± 8.8 235 ± 40 191 ± 46.5
Ga — 34 ± 4 14 ± 4 20.3 ± 3.7
As 26.2 ± 6.7 12.9 + 2.2 10.7 + 3.5 3 ±0.3
Se — — —
Br 8.9 + 1.1 7.9 ± 1.7 9.4 ± 4 5 + 2.3
Rb 52.4 ± 12.7 75.5 ± 14.3 57.6 ± 15 --------
Sr 442 ± 36.9 149.3 ± 28.5 43.7 ± 12 114 ±41
Y — — —
Zr 166.6 ± 55.3 209 ± 62.5 386 ± 91 206 ± 78
Nb — -------- --------
La 2.2 ± 0.09 -------- 2.6 ± 0.1 4 ±0.2
Ce 219.7 + 25 104.6 ± 12.6 35.3 ± 4.4 47.9 ± 6
Sm -------- 7.4 + 0.7 2.5 ± 0.2 3.4 ± 0.3
Eu -------- 0.6 ± 0.1 — —
Yb 1.5 ± 0.3 2.8 ± 0.4 1.5 ± 0.2 1.4 ± 0.2
Hf — 6.6 + 0.8 6.2 ± 0.7 5.7 ± 0.6
Pb 38.5 ± 5.3 38 ± 6.8 34.6 ± 11.3 14 ± 2.5
Th 2.9 ± 0.4 8.7 ± 0.8 4.4 ± 0.6 5.7 ± 0.8
Si/Ca® 0.48 2.96 45.78 12.06
* Concentrations are in percent. @ The concentration ratio.
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Table 8.14: Elemental concentrations(|LLg/g) in the soil at various depths(cm)
inside Ewekoro factory(BJ.
Element 0 - 2cm 0- 6cm 5 - 15cm 15 - 30cm 30 - 50cm
Si* 14.5 ±  2.9 14.8 ±  3 40.4 ±  3 43.3 ±  8.7 45.9 ±  9.2
Na 369 ±  75 301 ±  69 122 ±  27 1097 ±  262 73 ± 19
Cl 43000 ±  8000 31000 ±  1000 3300 ± 400 4000 ± 5 0 0 1400 ±  200
K 5907 ±  1465 3504 ±  92 1652 ± 134 1757 ±  141 2236 ±  181
Ca* 30 ±  1.3 3.3 ±  0.1 2.6 ±  0.4 2.5 ±  0.05 0.3 ±  0.01
Sc 2.9 ± 0.09 22.8 ±  0.5 6.2 ± 0.2 3.4 ±  0.1 2.6 ±  0.1
Ti 8915 ± 77.7 904 ±  49 5329 ± 1055 3522 ±  1451 2701 ±519
Cr 149 ±  20.7 82 ± 3 199.9 ±  42 63.4 ±  11.8 51 ± 6
M n 287.3 ±  15 301.5 ±  12 179 ±  34 268.6 ± 40 213 ± 22.6
Fe* 0.9 ±  0.02 1.4 ±  0.04 3.0 ± 0.3 0.8 ± 0.04 0.6 ±  0.04
Co 8.2 ± 1.2 5 ± 0 .6 10 ±  1.5 8.8 ± 1.4 9.2 ± 1.6
Ni 31.2 ± 8 .1 40.7 ±  12.4 - - — . . .
Cu 9 ±  1.7 — — — . . .
Zn 113 ± 5 2 86.6 ±  3.3 42.4 ±  4.4 21.8 ± 4 .1 11.8 ±  1.7
Ga - - 9.8 ±  3.4 19.7 ±  2.9 9.8 ±  3.7 8.7 ±  1.3
As 26.2 ±  6.7 9.1 ±  3.4 . . . — . . .
Se — — 6.6 ±  1 — —
Br 8.9 ±  1.1 8.1 ±  1.1 — 3.1 ±  0.03 . . .
Rb 52.4 ± 12.7 30 ± 6 — — 11.5 ±  1.9
Sr 442 ±  36.9 343 ±  44.4 64.7 ± 15.5 59.4 ±  32 23 ± 2
Y — — 8.5 ±  2.0 8.4 ± 2.6 7.6 ±  2.4
Zr 166.6 ±  55.3 101 ±  29.5 358 ± 192 262 ±  54 216 ±  11.8
Nb — — 13.8 ±  3 ----- —
La 2.2 ±  0.09 18 ±  0.7 19.2 ±  0.8 11.3 ± 0 .6 7.9 ±  0.4
Ce 219.7 ± 25 33 ±  4.5 39.4 ± 5 25.3 ± 3 .2 . . .
Sm — 3.5 ± 0.3 2.7 ± 0.2 1.5 ± 0 .1 1.1 ± 0 .1
Eu — 0.7 ±  0.2 0.5 ± 0.1 0.3 ± 0.06 0.3 ±  0.06
Yb 1.5 ± 0.3 1.2 ± 0 .3 1.9 ± 0.4 1.6 ± 0.3 1.5 ± 0 .3
Hf — 1.1 ±  0.2 10.5 ± 1.4 11.7 ±  1.6 12 ± 1.7
Pb 38.5 ±  5.3 28 ± 4.8 22.7 ± 3 .9 . . . —
Th 2.9 ±  0.4 2.8 ±  0.4 7.4 ± 1.0 4.5 ± 0.6 4 ± 0 .6
Si/Ca® 0.48 0.65 15.5 17.32 153
* Concentrations are in percent. (5) The concentration ratio.
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Table 8.15: Elemental concentrations(|a.g/g) in the soil at various depths (cm)
at 9.5Km away from Ewekoro factory(B4).
Element 0 -2 cm 0 - 6cm 5 - 10cm 15 - 20cm 20 - 25cm 25 - 30cm 35 - 45cm
Si* 41 ± 8.2 40 ± 8 39.8 ±  8 39.1 ±  7.8 36.9 ±  7.8 35 ± 7 36.2 ± 7.2
Na 191 ± 3 8 210 ±  47 119 ± 2 7 106 ±  24 123 ± 30 103 ± 23 159 ± 36
Cl* — 1.7 ±  0.7 . . . — — — . . .
K 1876 ±  320 1069 ±  201 943 ±  194 421 ±  36 555 ±  117 683 ±  128 497 ±  53
Ca* 3.4 ±  1.0 6.5 ± 0.3 0.3 ±  0.05 0.12 ±0.008 0.15 ±  0.03 0.2 ± 0.05 0.08 ± 0.02
Sc 4.8 ±  0.1 3.4 ± 0 .1 4 ± 0 .1 5.2 ± 0.2 4.6 ±  0.2 6.4 ±  0.2 9.4 ±  0.2
Ti 2650 ±  457 9963 ±2423 7351 ±1471 4328 ±  870 8194 ±1640 9644 ±1106 7394±1440
Cr 73.5 ±  11.2 108 ±  26 97 ± 2 0 129 ±  15 7 0 ±  13 62 ± 8 36.4 ±  8
Mn 611 ±  87 1787 ±  425 927 ±  36 468 ±  109 498 ±  25 902 ± 36 271 ± 3 1
Fe* 1.8 ±  0.4 3.6 ±  0.8 3.7 ±  0.7 2.3 ±  0.6 4.3 ±  0.9 5.6 ±  0.9 4.5 ±  0.2
Co 3.9 ±  0.7 4.3 ±  0.6 4.1 ±  0.6 4.7 ±  0.7 4.1 ± 0.1 6.5 ±  0.2 5.5 ±  0.2
Ni — 21.7 ±  3.9 24.7 ± 5 ------ 20.6 ±  4 28.3 ± 6 23 ±  4.8
Cu — 31.3 ± 0 .7 15.7 ±  3.9 7.7 ±  1.0 8.5 ± 3 12.7 ±  4 7 ± 0 .9
Zn 191 ±  46.5 724 ±  216 64 ±  6 22.9 ±  4 53.3 ±  5.4 65 ± 6 45.5 ±  3.4
Ga 20.3 ± 3.7 8 ± 0 .4 14.6 ±  4 7.9 ±  2.3 16 ± 5 21.3 ± 3 12.4 ± 0.8
As 3 ± 0 .3 — 9 ± 2 ,4 6.2 ± 3 6.9 ±  1.4 15.3 ±  6 5 ± 0 .7
Se ------ — 6.8 ±  0.8 ------ 5.2 ±  1 7.9 ±  1.2 . . .
Br 5 ± 2 .3 . . . 6.6 ± 3 4.5 ±  0.9 10.2 ±  2 14 ±  2.7 . . .
Rb — 36 ± 7 — — 41.3 ± 6 — . . .
Sr 114 ± 4 1 263 ±  90 ------ 11.2 ± 0 .3 23 ±  0.6 32 ± 10 —
Y "— — 23 ± 4 — 8.9 ± 2 9 ±  1.7 10.2 ±  1.9
Zr 206 ± 78 247 ± 99 1645 ±  217 151 ±  54 328 ±  49 350 ±  52 295 ± 45
Nb — — — 15 ±  2.5 14.3 ± 2.3 22.9 ±  2.6 44 ± 4
La 4 ± 0 .2 15.4 ±  0.7 19.3 ±  0.8 20.7 ±  0.9 22 ±  0.9 25.3 ± 1.1 39 ± 2
Ce 47.9 ±  6 33.4 ±  4.3 40.6 ±  5 47.8 ±  6.2 49.4 ±  6 59.8 ± 7.6 90.5 ±  11
Sm 3.4 ± 0.3 2.3 ±  0.2 2.6 ± 0.2 3.1 ±  0.3 2.9 ± 0.2 3.5 ±  0.3 5.4 ±  0.4
Eu ------ 0.5 ±  0.1 0.6 ±  0.1 0.7 ±  0.1 0.6 ±  0.1 — ---
Yb 1.4 ±  0.2 1.0 ±  0.3 1.1 ±  0.3 1.8 ±  0.4 1.7 ±  0.3 1.5 ±  0.4 1.6 ± 0 .4
H f 5.7 ± 0.6 4.2 ±  0.6 9.2 ±  1.3 7.1 ±  1.0 9.1 ±  1.3 8 ±  1.1 . . .
Pb 14 ±  2.5 — 69.4 ±  8 19 ± 2 45.5 ±  5 121 ±  14 54 ± 7.5
Th 5.7 ±  0.8 4.4 ±  0.6 5 ± 0 .7 6.9 ±  1.0 6.1 ± 0 .8 8.2 ±  1 10.8 ±  1.5
Si/Ca® 12.06 6.2 132.67 325.8 246 175 452.5
* Concentrations are in percent. @ The concentration ratio.
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to that in the vicinity of the hospital however, high levels of local cement pollution 
might have masked the concentration of Zn, Br, and Pb. Ca is a major component of 
cement whereas Si is a major element in the soil therefore, Si/Ca ratios may be used 
as a cement pollution indicator, the higher the ratio the lower the contamination. These 
ratios, as given in the relevant tables, confirm the general contamination pattern of the 
highest at A, and the lowest at A4. Arsenic is one of the elements thought to be highly 
toxic and carcinogenic for mammals [BOW66]. It was a matter of concern in this study 
because the highest As concentration was found inside the factory premises at Sagamu 
as well as at Ewekoro(see tables 8.10 and 8.13). Enriched As levels in the cement 
packing area have also been observed by Asubiojo[ASU91B] indicating that As was 
related with cement manufacturing. Concern has previously been expressed about 
emission of toxic elements, like Hg[FUK86], from cement producing plants but no 
study concerning emission of As has been reported in the literature. It is interesting 
to see the inflow rate of As in the cement factory which was calculated to be 4.9kg 
per day based upon Ippm As concentration of limestone[TUR61] and 4900 tons of 
limestone being consumed per day in a typical factory[FUK86]. This is thought to 
result in more than 0.8kg of As being emitted per day from a factory emitting 170kg 
per metric ton of particulate matter[STE84] and assuming that Ippm concentration of 
As persists in the cement.
Behaviour of the elements Ca, K, Cl and Sr at site B have been observed to 
be similar to that at site A when moving away from the factory, see table 8.13. The 
elements Fe and Cr are more concentrated at location B% which is near the quarry area. 
Due to absence of a conceivable local source of these elements, the isolated high
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levels of Fe and Cr are attributed to variation in natural composition of soil. It may 
be noted that Fe level is higher at A4 compared to that at Aj and at B3, B4 
compared to tbof at B^  which is as expected because Fe is one of the crustral elements 
whose concentration inside the factories is masked by the cement dust, compared to 
that at remote sites. Preferential attachment of Hg to submicron(O.Sjim) cement 
particles have been observed by Fukuzaki et al[FUK86]. Athough Hg was not detected 
in the present study, it may be inferred from the above quoted results that its presence 
in the effluents might have resulted in its deposition with relativelty higher 
concentrations at the remote sites. Si/Ca ratios indicate that lowest levels of 
contamination occur at A4 in the case of Sagamu and at Bg( and then rises again at B4) 
in the case of Ewekoro. It is interesting to note that distance of these two locations 
from their respective source area is similar. This suggests that coarse cement particles 
are deposited within a radius of 4 to 5km with a decreasing concentration away from 
the factories whereas fine particles travel farther and are deposited as far as 9 to 10km 
resulting in relatively higher contamination as seen in the case of B4. This assumption 
predicts the presence of an intermediate zone at 4 to 5km from the factories which is 
less prone to cement contamination than the inner and outer zones and may be 
rendered as relatively quasi-free from cement contamination. Br and Zn are found at 
the highest concentrations at B3 and Pb at B3 is almost at the same level as at Bj. The 
site B3 was near a petrol station which may have provided a local source to these 
elements. The higher concentration of Ca at site B^  as compared to that at A^  follows 
the pattern of dry deposition rates within the two factories; 187-1407 t.km’".month*' 
and 22-502 t.km".month*', respectively[OLU90].
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Analysis was also carried out along soil depth at Aj, A4, B, and B4. 
Concentration of the marker element of cement, that is Ca, decreases along soil depth 
at all the four locations however, it is highest in the 0-6cm layer at A^  and B4 which 
indicates that cement dust may have seeped a few cm in depth in the soil at these 
locations. K follows the same trend at aU the four locations suggesting that K is akin 
to Ca as far as cement contamination is concerned. Si and Ti are at higher 
concentration in the deep soil layers compared to that in the top layer, except at B4 
where Si seems to follow, although less significant, a reverse pattern. All the Si 
concentration values at this particular site are within 20% of each other with a mean 
value of 38.8 ± 2.08%. The Si/Ca ratio increases with depth, with the lowest value 
corresponding to the top layer showing the highest contamination. This may have 
implications on growth and production of crops and vegetables on these soils.
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CONCLUSIONS AND SUGGESTIONS
9.1 Conclusions
Although the PIXE technique is a relatively recent contestant in the field of 
elemental analysis work its achievements have established its roots for more than a 
decade. In the present work the technique has successfully been applied in the analysis 
of biological and environmental materials. Choice of protons as the incident ion beam 
is quite favourable due to superiority in producing less background compared to that 
by electrons and due to relatively higher ionization cross section compared to that of 
He ions.
The X-ray spectrum is different from the gamma-ray spectrum because of the 
nature of the underlying background and closely spaced structure of X-ray peaks on 
the energy axis which requires superior energy resolution for detection of 
neighbouring elements. The commercially available Si (Li) detectors possess state of 
the ait energy resolution and as such are the best for the purpose. Quality of the X-ray 
spectrum and accuracy of the integrated charge is adversely affected due to charging 
up of insulating samples. It was demonstrated in the present work that 20 to 50nm 
thick carbon layer coated onto the surface of the insulating samples rectifies these 
problems. This was encouraging because mixing of graphite powder in the sample 
could thus be avoided which might, otherwise, have introduced contamination 
problems. Uncertainty in the charge measurement is also caused by emission of
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secondary electrons from the sample surface which need to be suppressed. This is 
normally done by placing a negatively biased ring shape electrode in front of the 
sample which was found to be inefficient as described in section 2.4.1. However, it 
has been shown that a bias of +200 volts applied to the target plate itself was effective 
in achieving the electron suppression.
Good energy resolution is very important in PIXE analysis. Thus the spectrum 
analysis code, PIXAN, demands accurate characterization of the photon detector. It 
was therefore, deemed necessary to carry out the energy calibration and resolution 
measurements before each successive run. The system stability with respect to these 
parameters was found to be excellent over the time period of this work.
Simulation of the PIXE spectrum is helpful in providing an indication of the 
effects of varying experimental conditions on quantitative analysis. Detection limits 
are never good enough in trace element analysis work and thus, improvement in the 
detection limits is always appreciated. It was inferred from the results of the 
simulation programme that improvement in the detection limits is quite significant in 
going from 1 to 2MeV incident beam energy whereas comparatively less improvement 
was indicated in increasing the beam energy from 2 to 3MeV. From results of K /^Kp 
ratios and detection limits for various types of matrices, it was seen that a pure carbon 
matrix behaves very much like a matrix of a biological specimen, for example 
Bowen’s kale. Therefore, in the situations where matrix composition of a biological 
material is not known, a pure carbon matrix may be assumed without inflicting big 
errors in the results. Detection of low Z-number elements, like P and S is denied by 
thick X-ray filter which absorbs low energy X-rays. Removal of the filter or reducing
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its thickness is expected to result in crystal damage and dead time losses. The 
programme showed that a thick(350jim) filter with a pinhole which is then covered 
by a thin(100|im) filter would be the optimum choice enabling detection of maximum 
number of elements without these problems.
Homogeneity of the elemental concentrations is one of the criteria which a 
certified multielemental reference material is expected to meet. PIXE analysis can be 
employed to check the homogeneity of the materials at |ig levels. Bowen’s kale and 
IAEA SO Ü-7, two well established reference materials, were found to be well 
homogenized for most of the elements detected. Among the biological materials 
analyzed, which are expected to be introduced as reference materials in the future, the 
best homogeneity figurns were obtained for the proposed NIST materials, Apple and 
Peach Leaves. This is reflected in the determination of their sampling factors. The 
sampling factor Ki(l% sampling error), expressed as the number of spots to be 
analyzed, was too large to be practicable in most of the cases therefore, higher errors 
due to subsampling will have to be tolerated as shown by Ks(5% sampling error) 
which reduces the number of spots for a representative mass of the sample bulk.
Comparison of the absolute method of analysis with the comparative method 
showed that the absolute method may be applied for the determination of the elements 
which are not possible to be determined by the comparative method. However, 
relatively higher errors may have to be expected, at least with the ionization cross 
section data used in the present study.
Eleven elements were detected in teeth samples with combined use of PIGE 
and PIXE techniques. Ca and P concentrations were found consistently higher in
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enamel as compared to those in the corresponding dentine which confirmed that 
enamel is the most highly calcified tissue in the body. However, Ca/P ratios stood 
relatively constant in both the enamel and the dentine and were found to be within 
15% of a theoretical value predicted from the hydroxy apatite formula for bone and 
teeth matrices. An age dependent trend in F concentration of teeth was observed; F 
being at higher levels in the enamel as compared to that in the dentine of the lower 
age group, whereas the opposite behaviour of F concentration was indicated in the 
higher age group. It is therefore concluded that the element’s uptake by the dentine 
continues through life whereas enamel bulk ceases to absorb it, except perhaps in the 
outer few tens of microns. Two of the three careous teeth showed the lowest F 
concentration which is an indication of the element’s involvement in anti-caries 
defence of teeth.
Blood analysis of sickle cell disease subjects was also carried out. Comparison 
on the basis of health index showed that sicklers were physically weaker than the 
healthy controls. Significantly higher concentrations of Cl, Ca and Cu and significantly 
lower concentrations of K, Fe, Zn and Rb were observed in whole blood of sicklers 
when compared to those in the controls. Similarly, significantly elevated levels of Cl, 
Ca, Cu and Br and reduced levels of K, Fe, Zn and Rb were observed in erythrocytes 
of the sicklers. Cl, K, Fe and Cu were also at significantly higher concentrations in 
plasma of the sicklers whereas no significant difference was seen in the plasma 
concentrations of Ca, Zn and Br. Comparison of elemental concentrations and health 
index among the controls and the sickle cell trait subjects revealed that the sickle cell 
trait subjects were as healthy as controls. Most of the elements in plasma and
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erythrocytes of the SS group were found to correlate with each other as well as with 
the health index and a relatively smaller number of corresponding correlations were 
observed in the controls.
Size characterization of the Harmattan dust particulates collected at Kano and 
Ife showed that the proportion of submicron particles at Ife is more than twice that 
found at Kano indicating relatively more loss of coarse particles as the dust plume 
travels away from the source area in the Chad Basin. The TSPM level, both at Kano 
and Ife, exceeded the national air quality standards for airparticulate matter. Similarly 
most of the elemental concentrations found in the environment of Kano as well as Ife 
exceeded the values normally observed in some big industrial cities of the world. 
These findings suggest that the Harmattan dust is a potential hazardous source of 
natural pollution in Nigeria.
Analysis of soil suspected of contamination by cement factories effluent using 
PIXE was also complemented by INAA. Comparison of the two techniques based on 
the elements detected commonly was made and it was found that PfXE offered better 
detection limits for K, Ca, Cr, Fe, Zn and Rb whereas INAA resulted in superior 
detection limits for Co, As and Br. Some of the heavy elements(La, Sm, Ce, Eu and 
Th) were only detected by INAA but Pb, which is of considerable environmental 
concern, was detected by PIXE alone. The marker element of cement is Ca whereas 
Si is at relatively higher concentrations in the soil. Thus Si/Ca ratios proved a good 
indicator of soil pollution by the cement dust. The highest contamination, as expected, 
was found inside the factories and in the top soil layers.
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9.2 Suggestions
Results of the PIXE spectrum simulation programme(SOPMS) were quite 
encouraging however, the programme needs to be extended to include the escape 
peaks and L X-ray lines of heavy elements which are better represented by their L 
lines rather than K lines. This will make it possible to study the effects of more 
realistic inter-elemental interferences involving overlap of the K line of one element 
with the L line(s) of another. As shown by the programme, a thick filter with a 
pinhole which is then covered by a thin filter offers a possibility of simultaneous 
detection of maximum number of elements in a sample. Therefore, use of such a filter 
should be adopted in future analysis work. Possibility of absolute PIXE analysis was 
explored which resulted in good agreement between the elemental concentrations 
obtained by this method and those determined by the comparative method. It is felt 
that accuracy of the absolute method of analysis can be improved provided the latest 
data base for proton ionization cross sections is incorporated into the PIXABS 
programme. The data presently used for ionization cross sections deviates from 
ECPSSR values(which are thought to be more accurate) for high Z-number elements. 
Use of a single element internal standard, for example yttrium in biological specimens, 
should also be established as an alternative method of analysis.
A significant gain in the elemental analysis of biological and environmental 
materials will be possible when the combined use of PIXE and PIGE analyses is 
geared so as to be able to analyze for light elements of interest like Al and F along 
with other elements. This will require to resolve low Z-number elements in a PIGE 
spectrum which may be possible by using a Ge(Li) detector for collection of PIGE
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spectra. The MCB from Ortec EG & G is capable of handling eight independent 
inputs, each one segmented into separate 512 memory channels, however, the software 
responsible for communication between the SUN computer and the MCB will have 
to be changed to be able to acquire simultaneous collection of segmented data. It will 
be helpful to exploit this possibility so that RBS/PIXE/PIGE data can be collected 
simultaneously.
Serious problems of analytical accuracy are caused when a biological sample 
matrix undergoes extensive beam damage specially when the matrix of the standard 
is relatively stable. Under such situations it is advisable to spread the beam on the 
target surface to reduce the beam current density and hence the damage to the matrix. 
Although results of blood analysis in sickle cell disease revealed some interesting 
elemental models, the study needs to be expanded along various dimensions. Firstly, 
the number of individuals in sickle cell disease and control groups should be increased 
to ensure better statistics in the results. Secondly, equal or almost equal number of 
females and males of the same age group should be included in both the categories 
to judge the differences arising in the elemental concentrations among two genders. 
Thirdly, simultaneous urine analysis along with blood analysis should be sought to 
establish as to wether the elements thought to be released from erythrocytes are being 
excreted via the urinary path or not. As far as comparison between the controls and 
the sicklers is concerned, similar information is obtained from erythrocyte and whole 
blood elemental concentrations therefore, it may be time saving only to analyze the 
plasma and erythrocyte components of blood for this particular study.
Analysis of the Harmattan dust particulates carried out in the present work was
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to a limited scale. As the Harmattan season prevails for more or less six months in a 
year, it may be worth to analyze the particulate samples collected at different times 
throughout the season, results of which will represent more rigorous base line data for 
natural levels of elemental concentrations during the season. Airparticulate samples 
should also be collected for analysis during the "off" season when no Harmattan 
blows. A comparison between the two sets of results will unveil the sole contribution 
to the environmental levels of elemental concentrations coming from the Harmattan 
dust.
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APPENDIX B 
BEAM ALIGNMENT AND FOCUSING
Before final focusing of the beam, it is necessary to bring the quadruple axis 
co-linear with the ion beam. After passing through object aperture the beam must fall 
on the first and second "slip in beam viewers", if not, then voltage of the steering 
plates is adjusted accordingly. Opening the gate valve now should bring the beam in 
the chamber so that it falls on the sample plate. This can be confirmed by the visual 
observation of a bluish glow indicating that beam has struck the piece of glass which 
is fixed to the turntable disc beside the target plate, otherwise, readjustment of object 
aperture or steering plates voltage or both is needed. By now, the beam spot should 
be visible when viewed through the optical microscope under high magnification, and 
if not, the above adjustment may be repeated.
The magnets are now switched on to the "normal" mode(each magnet acting 
independent of the other). Increasing current to the first quadruple will focus the beam 
to a horizontal line. Up or down movement of the line during focusing indicates that 
the beam & axis of the first quadruple are not co-linear. The vertical Jacks nearest to 
the first magnet are now adjusted to eliminate the above effect. The same procedure 
is adopted for quadruple 3. Similarly quadruple 2 and 4 are adjusted with horizontal 
jacks if focusing brings the vertically focused line away from the centre. The current 
controls are now brought back to zero and the quadruples switched off. The normal 
mode is changed to the "series" mode and the magnet current switched on again. In 
this mode quadruples 1 & 4 and 2 & 3 are in series and are controlled by the knobs
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1 & 2, respectively, on the current control panel. Manipulation of these controls will 
focus the beam to a fine spot. If the spot is elliptical, slight rotational movement of 
the quadruples may be required. The last adjustment was made only once when 
occasionally the magnets were wrongly disturbed.
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